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SUMMARY
The methods of low dose electron microscopy are 
shown to provide high resolution detail in the specimens 
investigated in this study. The results reveal detail of 
protein molecular structure which would not be obtainable 
by conventional microscopy.
The construction of an optical diffractometer 
is described with details of alignment. The use of this 
apparatus for practical analysis of electron micrographs 
is outlined with examples.
A specimen of the lipoprotein from Escherichia co]i 
cell envelopes gave electron diffraction patterns that 
revealed a coiled-coil alpha-helix structure for the 
protein part of the molecule. Low dose images showed a 
side-by-side packing which supported a trimer arrangement 
of molecules.
The restriction enzyme Eco RV ,complexed with 
short DNA fragments, gave crystals which produced 
electron diffraction patterns of potentially atomic 
resolution. A 3-dimensional model of the enzyme is 
reconstructed from electron microscope images and 
electron diffraction indicates the orientation of bound 
DNA.
( ii )
A derivatised form of the high resolution crystal is 
analysed which gives important clues of the packing of 
the molecules within the crystal.
The investigation of protein crystals by 
electron diffraction revealed a reduction in thickness 
which was induced by electron irradiation. This is shown 
to be a general phenomenon of negatively stained 
specimens producing a reduction in thickness of 50%.
In the light of these findings the advantages 
of frozen specimen preparation is described within the 
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Structure determination is at the heart of 
biological research. How an organism is organised is the 
key to understanding the processes of life. This
investigation is constantly demanding finer detail and 
the techniques of microscopy have developed 
correspondingly.
Molecular Biology requires structural analysis 
at the atomic level and electron microscopy has a unique 
place among the physical methods available. The 
instrument can produce a direct image of the specimen 
with, potentially, atomic resolution. Frequently, 
suitable samples can not be prepared for X-ray and
neutron diffraction. These methods also require large 
quantities of material and the results are obtained only 
after lengthy data collection and processing.
The deleterious effects of the vacuum and
radiation levels to biological specimens were, until 
recently, serious obstacles to high resolution electron 
microscopy. This thesis deals with the application of 
methods to sustain the specimen against dehydration and 
minimize the contribution of radiation damage to the
image.
In Chapter 2 a literature survey is presented 
of a number of theoretical and practical developments in 
the electron microscopy of biological molecules. The
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techniques of image analysis such as optical diffraction, 
3-dimensional reconstruction and a description of image 
processing computer programs are described in Chapter 3.
Chapter 4 is a study of the structure of the 
lipoprotein purified from the envelope of the Gram- 
negative bacterium Escherichia coli. The sample gives 
diffraction data which support the idea that the 
molecule forms coiled-coil alpha-helices. A model is 
constructed of its organisation and aspects of the 
relation to function considered. The crystalline order of 
this specimen was however, not good enough to allow 
investigation at higher resolution. In Chapter 5 a 
specimen is investigated with very high order and the 
possibility of atomic resolution. The restriction enzyme 
Eco RV, complexed with small DNA fragments, forms thin 
crystals showing electron diffraction to better than 0.3 
nm. The morphology of the dimeric enzyme and the 
orientation of the DNA bound to it is determined.
The development of electron crystallographic 
methods, necessary to acquiring the high resolution 
information, leads to the discovery of a significant 
reduction in thickness of the specimen caused by 
radiation damage. This finding is extensively 
investigated in Chapter 6 and is shown to be a general 
phenomenon raising serious implications to the 
interpretation of 3-dimensional reconstructions from 
negatively-stained specimens.
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Finally, Chapter 7 is a discussion of the 
results and their place among those of other researchers 
in this field. An overview is given of current trends and 
an outlook made of immediate challenges and possible 
future developments.
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2. STRUCTURAL STUDIES BY ELECTRON MICROSCOPY
2.1 General Aspects
The drawings made by the early microscopist 
Leeuwenhoek (1632-1723) show that with his single lens 
microscope he was able to discern detail down to 1.5 pm 
[1]. The resolution of the subsequent designs of 
instrument improved over the next two centuries. However, 
by 1870 it became apparent that a limit existed to this 
progress, at a resolution of about 0.2 pm. This was 
determined by using, as a test object, a glass microscope 
slide with bands of finely scribed lines [2]. In 1873 
Abbe, the scientific manager of the Carl Zeiss microscope 
firm, showed that, because of diffraction effects, a 
barrier to resolution was set by the wavelenght of the 
illumination and the collecting angle of the objective 
lens [3]. (It should be noted that, although Abbe is 
credited with establishing this relationship, Helmholtz 
concurrently published a theory of image formation in the 
microscope containing the same conclusion [4]). The 
microscopes of the time had already reached the predicted 
limit and the only advance that could be made was to go 
down in wavelength and construct, with quartz lenses and 
fluorescent screen, an ultra-violet microscope [5].
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In 1912 Friedrich, Knipping and Laue showed by 
diffraction that X-rays ( discovered in 1895 by Roentgen) 
were a radiant energy of wavelength comparable to the 
separation of atoms in solids [6]. This discovery had 
far-reaching implications for structure research. The 
development of X-ray crystallography by W.H.Bragg and his 
son W.L.Bragg led to, as they put it, " Microscopy on an 
atomic scale " [7]. This was unlike optical microscopy in 
that X-rays could not be focussed with a lens. The method 
relied on irradiating crystals with a narrow collimated 
beam. The diffraction pattern produced, was measured in 
terms of the spatial coordinates of the maxima and their 
relative intensities. This ‘reciprocal lattice* was then 
used to determine the real lattice of the crystal. The 
function of a lens to form an image from the diffracted 
intensities ( deconvolute ) was performed mathematically. 
The development of computers and the application of 
Fourier analysis caused rapid progress and increasingly 
complex structures were solved [8].
Louis de Broglie, in 1924, suggested that, just 
as there is a duality in the nature of light ( wave 
/corpuscle), there is wave-like quality to the 
propagation of atomic particles [9].
Electron wavelength = Planck's constant / Electron Momentum
= 1.226 /[V(1+0.9788x10_6V)]^ nm. 
with V = Electron voltage 
For a 100 kev electron beam the wavelength is 0.0037 nm.
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This calculation was soon experimentally verified by 
crystal diffraction [10].
As electrons are of very low mass and carry an 
electrostatic charge their trajectories are strongly 
affected by magnetic or electrostatic fields. When it was 
shown that a cylindrical electromagnet would act as a 
focussing lens to electrons moving along its axis [11], 
the design of an electron microscope was begun.
Ruska and Knoll, in 1931, produced the first 
electron microscope [12]. This was the prototype of all 
transmission instruments to follow, including the present 
day. As the subject of his Ph.D. research work at The 
Technological University of Berlin, Ruska developed the 
microscope and, by 1933, demonstrated a resolution of 50 
nm [13]. This was four times better than possible with an 
optical microscope and, unlike X-ray diffraction, the 
image required no calculation, it was displayed on a 
fluorescent screen.
To many physicists at the time this invention 
was considered to be of little practical use because of 
the very strong interaction of electrons with matter. The 
extremely high energy densities deposited within the 
specimen would, it was thought, either melt or 
drastically alter it. This, after all ,is the principle 
of electron beam welding. To the biologist such 
objections were secondary, the barrier to increased 
magnification had been removed and there were so many 
questions to be answered.
- 6 -
In gaining support for further research and 
development, not least financial backing, it was a 
significant advantage to Ruska that his brother Helmut 
was a medical student with an appreciation for the 
potential of electron microscopy to biological science. 
He enlisted the support of Siebeck, the head of the 
Berlin Medical University Clinic at which he studied. 
Siebeck believed that methods of specimen preparation 
could be developed and that considerable gains could be 
made with a microscope that exceeded the resolution of 
optical microscopes by a factor of ten. In a letter to 
the Siemens and Zeiss manufacturers in 1936 [14], urging 
sponsorship, he outlined particular needs in normal and 
pathological microscopical anatomy. *The structure of 
cell walls, membranes and nerve fibrils; the nature of 
protoplasm, centrosomes and colloids; the chromosome; the 
filtratable virus; these would be investigations of not 
just theoretical importance in aetiology, but to provide 
a new practical method for clinical diagnosis*.
After 50 years of development the resolution of 
the electron microscope, at 0.2 nm, now exceeds that of 
an optical microscope by three orders of magnitude. Many 
of Siebeck*s predictions have been realised and electron 
microscopy is an important tool in medical research. The 
goal of atomic resolution of a biological specimen has 
only recently been achieved [15]. This was through the 
application of methods to reduce radiation damage, 
techniques to protect hydrated molecules against the
- 7 -
microscope*s vacuum and computer methods to correct 
distortions in the image.
2.2 Radiation Damage
The first biological specimen examined in an 
electron microscope was most probably cotton thread. This 
Ruska used because he found that, after an initial 
disruption into fine fibres, once stable they were a 
useful test object [13]. The effect of radiation was of 
great interest to the early researchers investigating 
methods of preparation. The transition from light to 
electron microscopy gave initially very disappointing 
results. The standard techniques produced sections that 
were much too thick. The paraffin wax in which the 
samples were embedded bubbled on exposure to the beam and 
caused distortion [16]. In a study of the effects of 
electron irradiation Hillier determined the dose to 
which the specimen was exposed from the intensity on the 
viewing screen and the operating magnification [17]. 
Bacteria were stained and fixed for electron microscopy 
by exposure to osmium tetroxide vapour. Irradiation at 
low levels completely stopped this effect. The 
nitrocellulose supporting film of the grid became 
insoluble in amyl acetate and stable to heat treatment 
above 600 °C. Electron irradiation produced an increase
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in melting point and reductions in solubility and 
chemical reactivity. In the image below the effect is 
shown of electron irradiation to a section of an ion- 
exchange resin membrane embedded in Araldite. The section 
was examined, a small area at a time, in short 'hops'. 
The micrograph was taken just after moving and shows ( to 
the left ) an area previously irradiated and ( to the
right ) an area exposed for the first time. Since the
section was of even thickness the change in grey levels
relative to the Araldite show that the specimen has lost
mass on irradiation.
Scale bar represents 100 nm.
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The section was then stained and re-examined. 
The areas pre-exposed showed no chemical reactivity to 
the stain. In the image on this page, the area of 
irradiation came from the top left in one 'hop*. The 
amino groups of the ion-exchange resin have evidently 
been strongly stained by the lead stain but the 
irradiated zone remains light in contrast to the 
Araldite.
Scale bar represents 1pm.
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This change in the physico-chemical properties was 
consistent with the crosslinking and polymerisation of 
organic material found when it was exposed to other 
sources of radiation, such as after months within a 
nuclear pile [18].
Viruses, Siebeck wrote, would, because they 
were just below the resolution of the light microscope, 
provide new important discoveries very quickly. With the 
invention of a heavy metal shadowing technique by 
Williams and Wyckoff in 1945 [19], images of viruses were 
obtained with 10 nm resolution. This was at the limit of 
the instruments available then. Over the next few years 
improvements in the microscopes failed to evince new 
detail in the images. In an examination of the effects of 
radiation damage to Tobacco Mosaic Virus (TMV) particles 
by Williams , they were found to become flattened [20]. 
Parts of a specimen grid of viruses, were pre-irradiated 
in the microscope. The grid was then shadowed and 
examined. Non-irradiated areas showed particles whose 
shadow length indicated a thickness, confirming the 
cylindrical construction of the virus. Those regions pre­
irradiated had no clear shadow. This suggested that the 
virus was drastically altered by irradiation and this 
would be bound to lower the observed resolution.
Introduced in 1954, the Siemens Elmiskop-1 
microscope was to dominate research work over the next 
twenty years. It gave investigators 1.0 nm resolution 
and had an improved vacuum at the sample. Poor vacuum
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caused carbon contamination to build up at alarming rates 
on the specimens in the early microscopes. In fact this 
problem was suggested as the reason for the lack of 
shadow in Williams* TMV work. The pre-irradiated 
particles being embedded in contamination of cracked 
vacuum pump oil. As well as a biased electron gun the 
microscope had two condenser lenses. This allowed great 
control of brightness, or dose rate. At the same time the 
preparation of thin carbon films was demonstrated by 
Bradbury [22]. Hitherto, the plastic films formvar and 
collodion, were used as a support for specimens. These 
tended to be relatively thick and to distort and cause 
specimen drift when irradiated. Carbon films were very 
thin, strong, drift-free and able to conduct away 
electrostatic charge.
The first lattice image was obtained with an 
Elmiskop in 1955 by Menter [23]. The phthalocyanine 
crystals he examined were able to withstand very high 
doses. A polymer sample with bond energies similar to 
biological molecules was shown to be destroyed by 
exposure to very low intensities of electrons by Agar ej: 
al. [24]. Small crystals of polyethylene had been grown
which gave electron diffraction patterns. The intensity 
of the patterns faded however, and quickly disappeared. 
This indicated damage to the covalently bonded molecule 
at radiation levels markedly below that normally used in 
electron microscopy. The method used was to first focus 
on the sample at a low magnification ( 5000x ) and the
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beam was focussed to a small 3 pm spot ( at this 
magnification 1.5 cms ). Then, expanding the
illumination to fill the grid square (100 p m across ), 
the outline of a crystal was just visible on the screen. 
This alteration of the second condenser lens reduced the 
dose rate by lOOOx. By diffraction it was known that at 
this level of radiation the pattern from a crystal would 
last 20 seconds. Moving the grid across two squares a new 
crystal was found and an image was immediately recorded 
for 15 seconds. These images showed high resolution 
diffraction contrast effects ( dark bands or bend 
contours running across the crystal ) as found in images 
of metals, but only in the first recorded image. 
Subsequent images only showed the shape of the crystal 
upon which were variations of brightness corresponding to 
different mass-thicknesses. This effect is demonstrated 
below with low (left) and high dose images of KH2PO4 
crystals.
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There was over the next decade an appraisal by 
many researchers of the nature of electron radiation 
damage [25, 26]. This encouraged the use of the more
stable epoxy resin plastics for specimen embedding [25] 
and the investigation of methods to attenuate the damage. 
By 1970 electron microscopes such as the Philips EM301 
had a resolution of 0.34 nm. This was readily 
demonstrated with the separation of layers of atoms in a 
graphitic carbon test object [27]. This is shown below 
with the scale bar representing 5 nm.
mm
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With the high resolution capability of the electron 
microscope the preparative technique that gave the best 
resolution for biological specimens, negative staining, 
gave detail only down to 2.5 nm. The morphology of the 
molecule was accessible to analysis but it was important 
to discover the reason for the limitation to atomic 
resolution.
X-ray diffraction demonstrated detail in TMV to 
a resolution of 0.3 nm [28]. Williams and Fisher applied 
low dose microscopy, as used by Agar on polyethylene 
crystals, to negatively stained TMV particles [29]. An 
example is shown below of this specimen with the low dose 
image to the left. The scale bar represents 50 nm.
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Fine detail, evidence of the helical organisation of the 
virus, was recorded in the initial exposure but not in 
subsequent images . This demonstration, of a significant 
improvement in image resolution through the application 
of a simple technique, accelerated the use of low or 
minimum dose methods by many research groups.
Glaeser and Thomas emphasised the use of
crystals and their diffraction patterns to quantify 
damage [30]. Choosing crystals of the amino acid L-valine 
they measured the rate at which diffraction patterns 
faded for a given dose rate. This quantitative approach 
was most important in deciding the various factors which 
could improve the stability of the specimen. A set of 
diffraction patterns of an L-valine crystal is shown 
below. This is the hkO projection with unit cell
dimensions a= 0.97 and b= 0.53 nm. The patterns were 
taken after incident doses of ( from left to right )
0.25, 0.5, 0.75, and 1.0 electrons per square Angstrom
unit, e"/A^.
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Since the effects of dose rate [31], accelerating voltage 
[32], metal coatings [33] and temperatures down to liquid 
nitrogen [34] and liquid helium [35] were examined by 
many research groups, this common specimen was of great 
integrating value.
Many biological structures are assemblies of 
multiple copies of identical protein subunits which are 
symmetrically arranged. Methods to retrieve the maximum 
amount of information from electron microscope images of 
such systems (eg. viruses and muscle proteins ) were 
developed by Klug and collaborators in Cambridge [36]. 
Because of its analytical approach this had considerable 
consequences for both establishing better specimen 
preparative techniques and for reducing the effects of 
radiation damage.
The Rose equation [37] expresses the 
relationship between the number of electrons per unit 
object area (n) and the attainable resolution (d) for a 
given contrast (C) in an image:
Cd = 5/ [ n ]*
It can be calculated that for atomic resolution and 
sufficient contrast for it to be to be interpretable 
[38], an image would require a dose more than three 
orders of magnitude greater than a biological molecule 
could withstand. Taken with a dose low enough for
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molecular integrity, an image of a single molecule would 
have insufficient contrast and be lost in noise. A 
crystal has thousands of molecules all with the same, or 
symmetrically related, orientation. In a low dose image 
of a crystal the weak contributions of the individual 
molecules can be added together and the limitation 
inposed by dose overcome [39].
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2.3 PREPARATIVE METHODS
Biological research has developed three basic 
techniques for transmission electron microscopy. The 
specimen is either (a) embedded and sectioned, (b) a 
replica made of its surface or (c) simply applied to a 
thin supporting film. Additional to all these protocols 
is the introduction of a chemical element of high atomic 
veight. This 'stains' by scattering electrons and 
generating contrast in the image . In molecular biology 
the first method has failed to provide high resolution 
detail for two possible reasons. Firstly, the thinnest 
sections are necessary and these are easily distorted 
[40], Secondly, to prepare a specimen it must be 
dehydrated and then heated to polymerize the resin, both 
steps which may alter the structure of a molecule. The 
introduction of the 'Araldite* epoxy resins [41] gave a 
significant increase in stability to the sections but the 
resolution was still limited to about 5 nm.
Surface replica methods were initially very 
successful. The contrasting material, normally platinum, 
was evaporated onto the specimen at a glancing angle to 
produce a shadow effect of contrast. However, the metal 
coating has a granular nature which limits the resolution 
to about 3nm. There is also the limitation that only the
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surface of the specimen is observed and that has been 
exposed to the possibly damaging effects of drying and 
coating.
Absorbing the specimen onto a supporting film 
is a simple and easily repeated technique. There was an 
early interest in improving the shadowed images of 
viruses and the invention of negative staining must have 
taken place many times in different laboratories . The 
staining of a section can be said to be positive, where 
chemically reactive groups of the specimen bind the stain 
and unbound stain is washed away. In negative staining 
the stain is not washed away, the sample is dried onto 
the grid in it. Any attempt at preparing a positively 
stained sample may leave small areas inadequately 
washed. It was soon noticed that images from these 
regions gave superior resolution. The stain provided a 
sustaining medium, replacing the water and, having little 
internal structure, gave good resolution of the whole 
s tructure.
Brenner and Horne [43] used a solution of 
phosphotungstic acid ( PTA ), neutralised with potassium 
hydroxide, which was mixed with the bacteriophage T4 and 
fine droplets sprayed from a nebuliser onto a grid. Using 
a similar technique, Huxley and Zubay [44] negatively 
stained ribosomes with uranyl acetate. This was after 
finding that PTA disrupted the ribosomes. These have 
remained the most commonly used negative stains and have 
been found to have different advantages for different
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specimens. Generally PTA has been been useful for 
examining lipids, memibranes and vesicles and uranyl salts 
have given the highest resolution for protein structure. 
A comparison is made in the figure below of, from top to 
bottom, PTA, uranyl acetate and uranyl formate as
negative stains for TtMV. The scale bar represents 50 nm.
■Hm k
• i' V ' a*
L'V ' I l j f
A 'ilf-.vf $  v
- 21 -
Jranyl formate, as demonstrated here, was shown to give 
greater contrast than the acetate [45] and hence some 
Improvement in resolution. The figure below shows that, 
fith the virus Semliki Forest, there may be other 
preparative advantages to using uranyl formate ( lower 
.mage ) rather than the acetate ( top ).
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The resolution was however limited to about 2 nm. The 
surface of the molecule was contrasted by the stain, but 
for higher resolution^ for information of the shape of 
the protein chain backbone, negative staining was not 
adequate.
Matricardi, Moretz and Parsons developed a wet 
stage for a 200 kev electron microscope. This used the 
high energy electron’s greater penetrating ability to 
travel through an environmental cell in which specimens 
could be kept hydrated. Optimising the sensitivity of 
proteins and recording diffraction patterns from thin 
crystals of bovine catalase, they showed resolution of 
0.2 nm [46]. Catalase crystals had been examined by 
negative staining [47] and used as a standard for 
magnification calibration [48]. A typical image is shown 
below. The scale bar represents 100 nm.
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Negatively stained preparations, however, showed only 2 
nm resolution at best. The low dose, hydrated patterns 
were as good as could be obtained from thick crystals by 
X-ray diffraction and contained information on the atomic 
organisation of the protein. This work demonstrated the 
preservation of structure of proteins on mounting them in 
the microscope and, by spreading the dose over a large 
crystalline area, high resolution diffraction patterns 
could be obtained.
Freezing and keeping the specimen at liquid 
nitrogen temperature was a simple method of overcoming 
the effect of the vacuum on wet biological samples. 
Taylor and Glaeser [49] obtained 0.34 nm diffraction 
patterns from frozen catalase crystals with an adapted 
100 kev microscope. A cold stage was a more 
straightforward device to operate than a wet cell and 
lacked the problems of thermal and Brownian motion of the 
sample. Motion of the specimen caused by thermal drift 
and vibrations from the boiling coolant though, were an 
obstacle to obtaining high resolution images.
Unwin and Henderson [50] brought together the 
research on high resolution specimen preparation, 
application of optimal dose and the methods of image 
analysis and reconstruction. They elegantly overcome the 
problem of hydration by using a solution of glucose into 
which the specimen was dried. This was essentially the 
same as the negative staining method except that the many 
hydroxyls of the carbohydrate replaced the water and on
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drying, the molecules were not exposed to the high ionic 
strengths of staining salts. Crystals of catalase dried 
in glucose diffracted to 0.3 nm. A comparison is shown 
below of diffraction patterns from negatively stained ( 
top ) and glucose embedded catalase crystals. They were 
taken with the same diffraction camera length. The 4th 
row of spots ( arrowed ) at about 1.7 nm resolution can 
just be made out in the upper pattern. The lower pattern 
shows the 17th row at 0.4 nm.
A Philips EM301 was used with a conventional room 
temperature specimen holder and there was no problem of 
specimen motion or vibration. Also, the technique was 
straightforward and easily repeatable. High resolution 
images of the purple membrane from Halobacterium halobium 
gave a resolution of 0.7 nm and revealed an electron 
density projection of the molecule*s trans-membrane 
alpha-helices. The limit to the resolution was not 
because of the specimen, which showed diffraction out to 
0.35 nm, or the microscope, which could resolve the 
graphite lattice. The loss of contrast for high 
resolution information was determined as being due to 
"some electron optical disturbance" which is more severe 
at the magnifications used to record low dose images than 
at the top magnifications used to record graphite 
fringes.
It was anticipated from diffraction studies 
with L-valine that lower temperatures would provide 
longer lifetimes for the specimens and therefore improved 
resolution in the images, provided the cold stages could 
be made stable. Intense interest was stimulated by Knapek 
and Dubochet when they published a 300x increase in 
lifetime for L-valine at liquid helium temperature, 4 °K. 
They used an electron microscope with a superconducting 
objective lens [51]. This had been designed because of 
the extreme stability of the magnetic lens and the 
specimen stage. The dream of non-destructive electron 
microscopy for biological specimens however, was not to
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be. The results were later found to be erroneous [52]
and the factor of improvement found to be only about lOx.
The initial paper caused an increased interest in cryo-
microscopy and accelerated investigations into the 
preparation of frozen, hydrated specimens.
Thin layers of water were frozen onto the grid 
and observed using a cold stage [53]. The image below 
shows a thin film of crystalline ( hexagonal ) ice,
frozen by cooling the grid in liquid nitrogen. The dark 
bands are bend contours produced by diffraction effects 
from the orientation of this thin crystal.
Scale bar represents 5pm.
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This preparation could be used for preparing 
frozen hydrated specimens which were in pure water [54]. 
Tie image below shows the virus Semliki Forest, frozen in 
hexagonal ice. The contrast here is phase contrast and is 
generated by underfocusing the microscope, the dark band 
ii a bend contour. The scale bar represents 50 nm.
As a solution freezes the water forms pure ice and the 
solutes are concentrated into a eutectic phase between 
the ice crystals. This exposes the specimen to 
potentially harmful osmolarities and ionic strengths. 
Also, and this may be the case in the image shown above,
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the growing ice crystal may expel the sample to the 
surface.
Freezing the sample by plunging the grid into a 
cryogen sufficiently fast produces amorphous ice [53]. 
This traps the water in a state very similar to that of 
the liquid and provides the electron microscopist with a 
specimen free of preparative artefacts. Below is an image 
of the bacteriophage Lambda frozen in amorphous ice. 
Those particles which contain DNA are darker because of 
the greater density, and hence electron scattering power, 
of DNA than water. Amorphous ice can be characterised by 
its diffraction pattern of two diffuse rings at 0.37 and 
0.214 nm ( insert ). The scale bar represents 50 nm.
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2.4 IMAGE ANALYSIS
The electron micrograph is normally first 
assessed by eye, often with a magnifying lens. The 
trained observer can find evidence of imperfections but 
the interpretation is quite subjective. Optical 
diffractometry gives an immediate ( "at the speed of 
light" [55] ) objective display of the image. Aberrations 
and imperfections can be found and periodicities measured 
in terms of size and resolution. This can also be done by 
computer analysis but it is normal to quickly scan images 
with the diffractometer and then digitise the best for 
computer analysis and image processing.
2.4.1 Contrast in Bright field images
In an electron microscope image two terms 
contribute to the final contrast. These are the amplitude 
contrast, which originates when electrons are scattered 
outside the objective aperture, and a phase contrast 
contribution.
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The image above shows a set of objective 
apertures recorded over a diffraction pattern of a gold 
sample. The apertures are close to the diffraction plane 
of the objective lens ( back focal plane ). An aperture 
is normally centred on the diffraction pattern. It can be 
seen that the largest would allow through the electrons 
scattered out into the first two rings. The smaller ones 
would not and would therefore generate more amplitude ( 
also known as diffraction ) contrast in the image. The 
gold grains, of which this specimen is composed becoming 
darker. At the same time as generating contrast though, 
the apertures remove those electrons scattered to high 
angles and thus remove high resolution information.
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Phase contrast is produced when the scattered 
electrons interfere with the unscattered or background 
electron beam. For thin biological specimens the 
scattered electron wave forms a small fraction of the
unscattered beam. As in light microscopy the phase 
difference between scattered and unscattered is very 
small and produces insignificant contrast itself. The 
Zernike phase plate of optical microscopy retards the
unscattered wave by a half wavelength. Phase plates have 
been constructed for electron microscopy [56], but they 
are difficult to make and use. A simple method of
generating phase contrast is by using the spherical 
aberration of an electron lens.
The spherical aberration of a lens causes 
electrons that are scattered out to higher angles to be 
focused more strongly. Thon demonstrated that defocusing 
the lens would produce phase shifts, and therefore phase 
contrast, for bands of spatial frequencies [57]. The
position of these zones of contrast (A) changed with 
defocus value (dZ) according to the equation:
A - 1/L[ dZ/Cs +- ( dZ2/Cs2 + ( 2N - 1)L/Cs)^]^
Where L= Electron wavelength, Cs= Spherical aberration 
constant and N is an integer.
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The graph below shows the positions of the 
zones of phase contrast maxima calculated for 100 kev 
electrons and a lens with a Cs of 1.5 mm. The spatial 
frequencies, A, are on the ordinate and the value of 




The electron microscope image is therefore 
potentially complex and direct interpretation can often 
be misleading. With low resolution specimens the image 
can be recorded close to focus, putting all the detail 
within the first maximum. At high resolution the problem 
is unavoidable and the image must be processed by 
computer to compensate for the aberration.
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2.4.2 Two-dimensional analysis
By showing that diffraction limited the 
resolution of the optical microscope, Abbe took what had 
been a branch of optical physics and made it a part of 
perception. The important step he made was to consider 
the test object, a set of closely spaced lines, and then 
calculate the Fraunhofer diffraction pattern they would 
produce. It was the same construction of an array of slit 
sources that caused Fraunhofer to first discover the 
diffraction effect. The diagram below shows the formation 
of an image of a diffraction grating by a lens.







The success of X-ray diffraction was a 
consequence of the highly ordered nature of atoms within 
crystals. In analysing these patterns W.H.Bragg noticed 
that the relative intensities of the spots was dependent 
on the repeating unit within the crystal. This was 
identical to the differences seen between the diffraction 
patterns of optical diffraction gratings scribed by 
different machines. The shape of the repeated line, 
determined by the diamond cutting edge, gave rise to its 
own peculiar distribution of intensities along the 
diffraction pattern. Bragg took this investigation an 
important step further by showing that this convolution 
of the repeated unit by the lattice was mathematically 
described by Fourier theory [58]. This states that any 
periodic function can be expressed as the sum of a series 
of sinusoidal functions with periodicities that are 
integral sub-multiples or harmonics. Just as the timbre 
of a musical note from a particular instrument can be 
broken down into sets of harmonic sine waves, so an 
object in a repeating array is composed of sets of 
harmonic spatial frequencies.
A Fourier transform can be demonstrated by a 
lens or calculated by a computer, the advantage of the 
latter is that a complex system of data refinement steps 
can be carried out . The final result is a set of numbers 
that can then be used to generate, by a second Fourier 
transform an image of the repeating unit within the 
array.
- 35 -
The optical method was introduced by Klug and 
Berger [59] to give an analysis of the periodic 
components within an electron micrograph. The extension 
of this idea was to use a mask at the diffraction plane 
and combine the periodic diffracted rays. This 
synthesized a filtered image in which the aperiodic 
frequency contributions (noise) had been eliminated [60]. 
It was also possible to filter out overlapping components 
in an image. In the case of a helical array the 'near' 
and * far* sides of the structure are superposed. Because 
both contributions generally have a distinguishable 
Fourier transform, each of them can be separately 
reconstructed.
Another approach in the analysis is to convert 
the image into a set of numbers and to perform the 
Fourier transformation by computer [61]. This results in 
a transform, in which amplitudes and phases are 
calculated and in which also a reverse transformation is 
possible. This returns the information into a *real* 
space image from the 'Fourier' space pattern. The system 
for digitising diffraction patterns was developed for 
computer processing X-ray data, and it was a simple 
matter to acquire images with a computer driven 
microdensitometer.
The fast Fourier transform (FFT) computer 
algorithm [62] allows calculations of small arrays 128 x 
128 to be made within seconds. The output can be
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represented as a contour map, density plot, or simulated 
image, according to the computer graphics available.
2.4.3 Three-dimensional analysis
Due to the large depth of field in the electron 
microscope, which is several times the thickness of 
individual biological molecules (under normal conditions 
almost a micrometer), a 2-dimensional projection of the 
object is obtained along the electron beam direction. In 
order to produce a 3-dimensional density map of the 
structure, a number of projections have to be combined. 
The most successful technique to produce a 3-dimensional 
image from its projections is the Fourier method, 
originally proposed by De Rosier and Klug [63]. This is 
based on the fact that the Fourier transform of the 2- 
dimensional projection corresponds with the central 
section of the 3-dimensional transform of the object.
The 3-dimensional Fourier space can be built up 
plane by plane using different 2-dimensional projections.
Images of the specimen are obtained with a stage that can 
be tilted. A set from 0° to 60° clockwise and anti­
clockwise are taken in about 10° steps. The images are 
then digitised and Fourier transformed. Using an untilted 
transform to start the data set the 3-dimensional 
transform is assembled by combining the aligned tilted
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transforms at their tilt angle. This is then back 
transformed into the three dimensional object.
crystallography, except that the phases of the X-ray 
pattern can not be measured but have to be derived. The 
data from the Fourier transform of an image contains both 
amplitude and phase information. A diagram of the Fourier 
method is shown below. From De Rosier and Klug [63] with 
permission.
The synthesis is very similar to X-ray
Fourier transformation 
of a  projection 
gives coefficients 
in a  section 
of “Fourier space '
Transmissioi 
is a  projects
structure
Reconstruction 
by Fourier synthesis 
using all sections
3. EXPERIMENTAL PROCEDURES
This chapter deals with specimen preparation 
and minimum beam techniques. In addition, the 
construction and operation of an optical diffractometer 
is detailed, together with examples of its practical use 
in image assessment. The isolation and preparation 
procedures of the biological material are described in 
detail in Materials and Methods sections of the following 
chapters.
3.1 Specimen Preparation
The specimens examined in this thesis have, for 
the most part, been prepared by absorption from solution 
onto a thin carbon film [64]. They were then either dried 
in a stain ( negative staining ), in glucose ( unstained 
), or quickly cooled to liquid nitrogen temperature ( 
frozen-hydrated ). The surface of the carbon was rendered 
hydrophilic by glow discharge [65] or exposure to ultra­
violet light [66].
For frozen hydrated specimens the sample was 
applied as a small drop onto the grid surface. The grid
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was then blotted with filter paper ( Whatman No.l ) ahd 
quickly frozen. With a hand held tweezer the grid can be 
plunged into liquid nitrogen and the sample will be
frozen in crystalline ice. When plunged into a suitable 
cryogen such as liquid ethane the freezing velocity was 
high enough to give amorphous ice. To ensure a high
chance of this result the tweezer was clamped to an iron
bar which then falls, accelerating to a velocity of over
1 metre/second, into the liquid ethane.
3.2 Electron Microscopy
In this study I have used microscopes manufactured 
by Philips ( Eindhoven, Holland ) and Jeol Ltd. ( Tokyo, 
Japan ). They were equipped with side-entry eucentric 
goniometer stages. This allowed simple tilting of the 
specimen with the tilt axis set at a constant sample 
height. It is noteworthy to point out that the two 
manufacturers design their specimen stages differently. 
The Philips specimen holder has the grid, loaded with 
the sample side up, in the microscope with the sample 
side down. The Jeol on the other hand, has the specimen 
in the microscope with the sample side up. This would not 
be of importance unless an investigator was using both 
types of microscope with an asymmetric or *handedf 
specimen.
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3.2.1 Low dose imaging
The three different imaging modes necessary for 
low dose microscopy are described.
(a) A low magnification of about 500x was used 
to scan the grid for suitable specimens. Going from one 
grid square to another across the grid until suitable 
specimens were found. This was examined in diffraction 
and the image below shows a region of a grid seen by 
defocusing the diffraction pattern to obtain an image 
with very high contrast.
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The dose received was very low in this mode. When a 
specimen was found, like the crystal at the centre of the 
image, an area selecting aperture was introduced and the 
specimen moved to position it inside the aperture. This 
aperture marks the region at the centre of the screen 
when the microscope was put into imaging mode. The result 
of this operation is shown below.
(b) A high magnification of a region of the 
support film adjacent to the specimen was obtained in the 
next mode. The region irradiated was restricted to be 
away from the specimen. The microscope was focussed by 
observing the phase contrast granularity of the
background film. The minimum contrast was found and then
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a small amount of underfocus applied to give optimal 
contrast. The image below shows (top) the granularity in 
this mode, scale bar represents 50 nm. The lower image 
reveals, by going back to the first mode, the area 
irradiated and its position relative to the specimen. The 
area is lighter because of mass-loss from the material on 
the grid.
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(c) A magnification was selected which 
optimised the sensitivity of the specimen, the speed of 
the film and the resolution of the film. The image was 
then taken of the specimen at the same time as the camera 
shutter opened. The image below (top) shows the low dose 
image of the sample; a catalase crystal negatively 
stained with barium acetate, the scale bar represents 100 
nm. The lower image shows the effect on the crystal of 
irradiation by going back to the first mode.
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3.2.2 Dosimetry
Electron microscope film SO-163 ( Eastman Kodak 
Co., U.S.A.) is a well characterised recording medium 
[67]. The electron speed of this film for 40-100 kev 
electrons, when developed for 12 minutes in Kodak D-19 
developer (full strength ), is 2.2. This means that an 
electron dose of 1 e~/ p at the film will produce an 
optical density of 2.2. This provides a simple method for 
calibrating the exposure meter of the viewing screen. For 
example, a sheet of SO-163 is exposed to a flux of 
electrons for 0.5 seconds when the exposure meter 
registers a 2 second exposure. ( There must be no object 
in the microscope and the electron flux must be spread 
completely over the screen.) Should the film develop an 
optical density of 1.1 then for a reading of 2 seconds,
~  9
0.5 e’/[jmz were collected in 0.5 seconds. The dose rate 
at the film is le“/pm^/sec when the meter reads 2 
seconds. At a reading of 1 second the dose rate is 
doubled, etc.
With a specimen in place, the dose that it is 
exposed to can be calculated by knowing the meter reading 
and the magnification. At a magnification of lOOOx and a 
meter reading of 2 seconds the specimen dose rate is 1 e~ 
/nm^/sec. At 100,000x the same meter reading indicates 
that the specimen dose rate is 10^ e'/nm^/sec.
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For the greatest precision a Faraday cage must 
be used to measure the current of the beam. However, the 
film method does bring the operator to an approximate 
awareness of the levels of irradiation to which the
specimen is being exposed.
The normal working brightness of an electron
microscope screen is produced by a current of
approximately 1 e“/pm^/sec. At a magnification of
50,000x the specimen will experience a dose rate of 2,500 
—  9e‘/nm /sec. The dose that a typical biological molecule 
can withstand is 100 e’/nm^, a lifetime of only 0.04
seconds.
3.2.3. Electron Diffraction
Just as the magnification is calibrated for 
imaging with the microscope, so too the diffraction
camera lengths are determined with standards. The actual 
lengths though are little used. It is the camera 
constant, the product of the wavelength and the camera 
length, that is determined and updated. This product is 
also the product of the spacing in the crystal and the 
measured distance on the film from the diffraction 
maximum to the origin. An unknown crystal spacing can be 
determined by dividing the camera constant by the 
measured spacing.
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The image below shows the diffraction pattern 
of the polycrystalline diffraction standard, thallous 
chloride. The spacings in the crystal are accurately 
known and the 6th. ring out is produced by a spacing of 
0.157 nm. The radius of this ring on the print is 65 mm, 
giving an effective camera constant of 10.2 nm x mm.
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3.3 Optical Diffraction
This apparatus was designed to give a simple 
assessment of electron micrographs with the ability to 
display spacings in image down to the resolution of the 
film. This facility is important in high resolution 
microscopy where the lowest possible magnifications are 
used to keep radiation damage as low as possible.
3.3.1 The optical bench
It is essential to operate this instrument in a 
darkroom and the available space was limited to 1.5 
metres of bench top. A second important consideration was 
to keep cost as low as possible. Since the optical bench 
was not to be used for image reconstruction the small 
amount of vibration in the wooden bench-top from nearby 
machinery had no effect on the diffraction pattern. This 
is a consequence of diffraction being translation 
invariant, whilst the reconstructed image is essentially 
a magnification ofnthe object and very sensitive to 
movement.
The walls of the darkroom were found to vibrate 
significantly making a vertical system difficult to
- 48 -
secure. The doubly-folded system constructed, enabled the 
operator to move the micrograph around and select the 
required region whilst observing the diffraction pattern 
on the screen. The diagram below shows the layout of the 
Bath diffractometer.
A: Laser F: Set of apertures
B: 16 mm objective lens G: Micrograph holder
C: lOOfim aperture H: 1 metre focal length lens
D: Front-silvered mirror Is Front-silvered mirror
E: 1 metre focal length lens J: Frosted-glass screen
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(a) Construction
The photograph below shows the completed 
diffractometer. Four lengths ( l x l  metre, 1 x \ metre 
and 2 x \ metre ) of steel optical bench [ The Precision 
Tool and Instrument Co. Ltd. (P.T.I.), Liss, Hants. ] 
formed the framework. A 5 mW Helium-Neon laser [ Melles 
Girot, Aldershot, Hants. ] 632.8 nm polarised, was
mounted to a 0.5 metre section of bench so that the 
height and level of the beam could be adjusted. The 
clamps and saddles were all bought from P.T.I.
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The beam was expanded with a 16 mm ( 6x ) 
microscope objective. The 1 mm diameter beam coming from 
the laser was focused and then diverged for 1 metre to 
the 1 metre focal length lens. Edge effects from the exit 
of the laser and imperfections in the expanding lens were 
removed by centring a 100 pm aperture at the cross-over. 
The lens and aperture mount ( P.T.I.) is shown in the 
photograph below. It was convenient to attenuate the beam 
with a small piece of polaroid that could be rotated in 
the front of this holder.
The aperture, to the left, can be centred and racked back 
and forth to be positioned over the expanding lens cross­
over .
The expanding beam was reflected from a front 
silvered mirror that could be tilted ( Ealing Beck Ltd., 
Watford, Herts.). The two 1 metre lenses [ Spindler and
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Hoyer UK, Tonbridge, Kent ] were mounted onto lens mounts 
[P.T.I.] using the ring holders of the lenses which were 
cemented with Araldite to the mounts. This allowed fine 
adjustment vertically and horizontally. Tilt correction 
was not necessary. The micrograph was attached to a steel 
plate wich a 6 cm hole using strips of magnetic plastic. 
The size of the area selected was determined with a set 
of circular apertures [ P.T.I.]. The expanding
diffraction pattern was reflected off a large, optically 
flat, front-silvered mirror and focused onto a ground 
glass screen. In the photograph below the first lens, 
aperture selector, micrograph holder ( showing attaching 
strips and the region of the micrograph analysed ), 




(i) The beam expander, lenses, apertures and 
micrograph holder were removed from the path of the beam. 
( Care was taken not to reflect the raw laser beam into 
the eye with metal surfaces ). The height and level of 
the beam was adjusted so that the beam was of constant 
height and followed the optical bench. A metal plate with 
a crossed hole in it was used to assess this. The start 
of this process is shown in the photograph below.
(ii) The aperture from the beam expander was 
removed and the lens was placed in front of the laser. A 
piece of white card was held in front of the first mirror
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and a system of fringes were seen. The aperture was 
returned to the expander and it was set at the cross-over 
by adjusting the horizontal and vertical shifts on the 
aperture holder to give maximum brightness. Also the 
aperture was racked backwards and forwards until the 
fringes were minimized.
(iii) The lenses were returned to the optical bench 
and they were positioned so that the beam passed through 
their centres. This alignment was not found to be 
critical.
(c) Recording
The best method would be to record the pattern 
onto a large format ( 120 mm Bronica ) camera. The camera 
being without lens and mounted on the optical bench in 
the place of the screen. This not being available the 
pattern was photographed off the screen using a 35 mm SLR 
camera mounted on a tripod. This was not ideal because of 
some internal reflections in the lenses of the camera, 
but produced an adequate record of results. Ilford Pan F 
film was used and, developed for 6 minutes in Ilford ID 




This section describes the use of the 
diffractometer in calibrating the magnification of the 
electron microscope and diagnosing defects in the 
micrograph.
(a) Calibration of magnification
In order to measure periodicities in the 
micrographs, the diffractometer was calibrated with a 
graticule. The figure below shows the type used, with 1.0 
mm and 100 pm markings ( insert ), and the optical 
diffractogram it produced.
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The 100 pm lines in the graticule produce the strong set 
of fringes in the pattern (arrowed). They are stronger 
than those from the 1 mm lines (the sets of 10 fine lines 
between the 100 p m fringes) because there are 10 times
more of them. Measuring the distance between the 100 p m
fringes and multiplying this by 100 p m gives the camera 
constant of the diffractometer. Dividing this product by 
any new measurement from the screen gives the periodicity 
in the micrograph in pm.
The diffractograms below were produced by 
images of negatively stained catalase crystals, taken at 
different magnifications. The lattice constants for this 
crystal are a = 17.5 nm and b = 6.9 nm. The arrows pick
out 4 orders of the 6.9 nm spacing in both. The camera
constant is then divided by the distance measured divided 
by 4, giving the spacing on the micrograph in pm. Since 
the spacing in the crystal is 6.9 nm, dividing the 
spacing on the micrograph by 6.9 gives the magnification 
in thousands.
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(b) Effect of focus
The diffractograms above show the effect on the 
image of underf ocusing the objective lens of the 
microscope. The image on the left is very close to focus, 
with all the information of the crystal diffraction spots 
within the fist broad maximum. On the right the image is 
so underfocused that many of the diffraction spots are in 
the second maximum of the phase contrast rings ( Thon 
rings ). This changes the phase of the information in 
them and together with the loss of information at the 
first minimum makes direct interpretation of the image 
impossible.
(c) Effect of astigmatism
Objective lens astigmatism is caused by the 
lens not being perfectly centro-symmetric; a slightly 
cylindrical rather than spherical lens. This has the 
effect of producing a lens with two focal lengths at 
right angles to each other. The stigmators allow the 
operator to equalise these. With astigmatism present in
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an image the phase contrast maxima, or Thon rings, will 
become elliptical because of the two orthogonal focal 
lengths. The diffractogram on the left below shows no 
astigmatism, with circular Thon rings. The middle 
diffractogram shows astigmatism. Horizontally it is much 
closer to focus than it is vertically. On the right, the 
'Malteze cross' pattern is obtained when astigmatism 
causes the image to be both underfocused and overfocused 
by the two focal lengths.
(d) Effect of drift
When a specimen moves during an exposure the 
information is blurred in the direction of motion. The 
diffractograms below were 2, 4 and 8 second exposures
from specimen on a drifting cold stage.
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The amount of drift can be calculated by measuring the 
extension of the information on the pattern in that 
direction. The diffractograms below show the effect of 
the specimen moving suddenly during an exposure. The 
effect of a double-exposure with a displacement is to 
produce a set of fringes in the diffraction pattern. The 
amount of the displacement can be determined from the 
size of the fringes. Those shown below were deliberate 
double-exposures taken with the drifting stage, with 2, 
0.5 second exposures, 2, 4 and 8 seconds apart ( from
left to right ).
(e) Effect of resolution
The images on the next page show TMV prepared 
by negative staining (upper) and by unstained, frozen 
hydrated (lower) methods. By visual inspection the 
stained image is more informative because of the higher 
contrast. Their diffractograms however, show that the 
resolution of the unstained image is at least twice as 
good. The 6th. layer-line (arrowed) is at 1.15 nm 
resolution. The scale bar represents 50 nm in the images.
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(f) Effect of coherence
The contrast in images of unstained biological 
specimens is almost completely phase contrast. For 
interference to occur between the scattered and 
unscattered beam the illumination must have good 
coherence. This is obtained by having parallel 
illumination. If the electrons are focused to a point on 
the specimen then it will be illuminated by a range of 
illumination angles within the converging cone. The value 
of this convergence angle will affect the degree of 
coherence of the illumination and therefore the extent of 
the phase contrast. The set of diffractograms shown below 
show the effect on the image of increasing, from left to 
right, the convergence of the illumination on a 
negatively stained catalase crystal.
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4. THE ULTRASTRUCTURE OF THE LIPOPROTEIN 
FROM Escherichia coll ENVELOPES
t  62 —
4.1 Introduction
The multilayered structure of the envelope of 
Escherichia coli was established by electron microscopy [68]. 
The characteristic 'tram-line' staining of a phospholipid 
bilayer showed that in these and other Gram-negative 
bacteria two enveloping membranes were present. The 
overall architecture of the envelope has been determined 
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The inner, or cytoplasmic, membrane provides 
the permeability barrier of the cell. It has proteins to 
control the passage of ions and molecules into and out of 
the cell. The apparatus for energy transduction and 
oxidative phosphorylation are also found in this 
membrane•
The outer membrane has a characteristic protein 
composition which is entirely different from that of the 
cytoplasmic membrane. It acts as a molecular sieve that 
allows the passage of small ( up to about 600 daltons ) 
hydrophilic molecules into the periplasmic space through 
channels in it made by the porin proteins.
The periplasmic space lies between the inner 
and outer membranes. Within this is the peptidoglycan 
layer, also known as the murein sacculus. Derived from 
murus, the Latin name for wall, this term is used as a 
trivial name for bacterial cell wall polymers [69]. 
Murein is a highly cross-linked structure, it is a 
complex polymer consisting of two amino sugars and at 
least four amino acids. The volume and shape of the cell 
is determined by this layer which may be considered as 
its skeleton and girdle. When a bacterium is put into a 
medium of high osmotic strength the plasmolysis that 
takes place shows the peptidoglycan layer remaining 
attached to the outer layer, whilst the inner membrane 
and cytoplasm shrink, unable to withstand an osmotic 
gradient. The peptidoglycan layer is attached to the 
outer membrane by covalent bonds with a lipoprotein, and
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by strong ionic interactions with the porin proteins
[70].
Isolated first by Braun [71], the lipoprotein 
is known both as Braun and murein lipoprotein. It is a 
small ( 7,200 dalton ) protein that exists in a large
number of copies, 7 x 10^ per cell. About one-third of 
the population of this protein occurs in a form bound 
covalently to the peptidoglycan layer through the £-amino 
group of its C-terminal lysine, whereas the rest occurs 
as free proteins. The N-terminal residue, cysteine, is 
modified in an unusual manner: its sulphydryl group is
substituted with a di-glyceride, and its amino group is 
substituted with a fatty acid residue through an amide 
linkage. The amino acid sequence is known and a diagram 
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The purification methods used by earlier 
investigators would potentially denature the protein. 
They were based on extracting cell envelopes by boiling 
them in 4% sodium dodecyl sulphate (SDS), and 
fractionation with organic solvents. The purification and 
isolation techniques used for the lipoprotein preparation 
of this study [72], used the non-ionic, poly-disperse 
detergent octyl-oligo-oxyethylene (octyl-POE). The 
advantages of this were that the high critical micelle 
concentration (cmc) of this detergent allowed a faster 
removal by dialysis, the free lipoprotein was completely 
extracted at the relatively low temperature of 40 °C, and 
conventional methods of ion-exchange chromatography and 
gel-filtration could be used.
Paracrystals of the apparently native form were 
used to build a model for the molecular interactions of 
lipoprotein and this was related to its function in the 
cell envelope.
4.2 Materials and Methods
The lipoprotein was isolated from E. coli 
strain JA 221 lpp-/F* lac i^/pKEN 125 [73]. The plasmid
pKEN 125 contains the lipoprotein ( lpp ) gene under the 
control of lac promoter-operator fragments, and confers 
resistance to ampicillin. Grown to the end of the 
exponential phase in culture medium containing 50 pg/ml 
ampicillin, the lpp gene was induced with isopropyl- 
beta-D-thiogalactopyranoside ( IPTG ). Lipoprotein
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content rose and after 15 minutes, when the cells were 
harvested, constituted 40% of the membrane protein.
The isolation and purification methods [72] 
used the detergent octyl-P0Ert to solubilise lipoprotein. 
Preparations for electron microscopy were made from a
pure, 1 mg/ml ( estimated by the method of Bradford [74] 
), solution of the protein in 1% octyl POE in water.
10 pi aliquots were dried onto carbon-
collodion grids in the presence of different stains.
Those used were 1% uranyl acetate, 1% PTA at pH 7.0, or 
1% calcium acetate. These were examined at 80 kev.
Images were taken at a calibrated 25,000x
magnification and diffraction patterns obtained with a 
966 mm camera length, as determined with a thallous 
chloride standard. Accuracies were to within 2%. Low dose 
techniques were used, as described in section 3. 
Diffraction patterns were taken with 0.001 to 0.01 e"/nm^ 
and images with between 2 and 4 e"/nm^.
Computer generated patterns [75] were used to 
simulate positive staining at anionic and cationic sites 
present in the sequence of lipoprotein. Molecules were 
assumed to pack as extended linear molecules arranged in 
the paracrystal side-by-side and in register.
* The outer of oxyethylene nnxmers in the fydrgjri-lir, residue was between 3 aid 12, 
with a gaussian distribution paakirg at 5.
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4.3 Results
When dried in uranyl acetate the lipoprotein 
produced paracrystal as shown in the images below. The 
upper, low dose, image was obtained with the first 0.02
e"/nm^ and the lower image at high dose. The scale bar 
represents 100 nm.
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The periodicity was found to be 20 nm. The low 
dose image shows a bright, stain-excluding region 3nm 
wide, alternating with a darker banded region of 17 nm 
width. A thin dark line is seen at the mid position 
(arrowed) of this stained region, splitting the section 
into two 8.5 nm domains. The irradiated image shows the 
same periodicity, but the stain-excluding region has 
become wider at 4.5 nm, and the splitting of the stained 
band become less apparent.
The next image shows a paracrystal formed using 
PTA as the stain. The periodicity is also 20 nm and shows 
the stain-excluding region, but the pattern is different 
to the uranyl staining. The scale bar represents 100 nm.
The position of the charged residues in the 
polypeptide was determined from the amino acid sequence 
[73], and a computer print out of the effect of staining 
on a head-to-head polarity of two molecules was made. 
The upper image on the next page shows the effect of an
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anionic dye, such as PTA. The lower image shows the 
effect of a cationic dye, such as uranyl acetate.
These simulations are aligned to bring the stain- 
excluding regions into register and were low pass 
filtered to reduce the effective resolution. Calculations 
based on other polarities of the molecules within the 
crystal did not reveal any similarity to the paracrystal 
images and were not included.
Attempts were made at drying the paracrystals 
into glucose, to obtain unstained images for high 
resolution investigation. The paracrystals were only 
found to form in the presence of salts and not when 
glucose dried or frozen-hydrated. Investigations with low 
atomic weight salts revealed that calcium acetate formed 
large paracrystals, up to 10 p m in diameter that were 
thin enough for electron microscopy. An area of a 
paracrystal is shown in the image on the next page. The
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periodicity was again 20 nm with a low density region 3 
nm across, but the banding pattern was less apparent. The 
scale bar represents 100 nm.
The electron diffraction patterns from such a paracrystal 
are shown below, aligned to the image above. At low 
exposure ( 0.001 e /nm^ ), the pattern on the left shows 
the low angle 6th. order of the 20 nm repeat (arrowed) at
3.3 nm.
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The diffraction pattern on the right ( previous page ) 
was taken after a dose of 0.075 e“/nm^ and is shown at a 
lower photographic enlargement. The dose received was 
optimal for high resolution information. The two sets of 
arcs (arrowed) measured periodicities at 1.0 nm 
equatorially ( perpendicular to the 20 nm spacing ), and 
0.5 nm meridionally ( parallel to the 20 nm spacing ). 
Subsequent patterns from irradiated areas lacked the 
arcs.
As the calcium acetate paracrystals lacked 
detail in the image, a set of positive staining 
experiments were tried. The solution of lipoprotein was 
mixed with a low concentration ( 0.01% ) of stain. After 
15 minutes at room temperature the mixtures were dried 
with calcium acetate on the grid as before. The only 
stain found to give paracrystals by this method was PTA. 
These gave the same periodicity and pattern of staining 
as when the paracrystals were simply dried in this stain. 
They were, however, very thin. A low dose image ( 0.02 e“
o
/nm ), as shown on the next page, revealed a 2 nm cross 
striation through some of the stained bands ( arrowed and 
inset ). The scale bar represents 100 nm and the inset is 
at 2.75x higher photographic enlargement.
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4.4 Discussion
The only direct indication of structural 
integrity in proteins which lack measurable biological 
activity, such as lipoprotein, consists in monitoring 
their spectral and chemical properties. Examination by 
circular dichroism of previously purified lipoprotein
[71], indicated an alpha-helix content of over 80%. It is 
known that boiling in dodecyl sulphate tends to cause a 
shift of proteins into alpha-helicity [76], regardless of 
their native conformation [77]. Since the earlier 
purification procedure involved extraction into boiling 
SDS, it could not be excluded that the high alpha-helix 
content was artefactual and did not reflect the native 
conf iguration.
The purification procedures used for this 
preparation were developed to preserve membrane protein 
structure. They were shown not to affect the structure or 
function of other E.coli outer membrane proteins such as 
the porins [78], This method gave, by circular dichroism, 
an alpha-helix content that was as high as previously 
found. The structural studies have revealed an 
organisation of the helices into coiled-coils that may 
have been degraded by more severe preparative methods.
Unlike earlier studies [79], the purified 
lipoprotein lacked the C-terminal lysine residue. The
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observation appears to be of particular interest since 
this residue links the molecule to the peptidoglycan in 
the bound form. It is to be determined whether this is 
the result of processing in the cell by the exo- and 
trans-peptidases present in the bacterial envelope. 
Should this finding not be the result of protease 
activity during purification, which would be unlikely to 
cleave so specifically, it would reveal a significant 
modification of the molecule.
The negatively stained paracrystals from this 
preparation were very similar to those obtained by 
earlier methods [79] with which the overall organisation 
of lipoprotein molecules within the paracrystal is in 
good agreement. A schematic representation of the 
molecule as an alpha-helix of 58 amino acids and three 
palmitoyl acyl chains at the N-terminus is shown in (a) 
below.
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Figure (b) above shows three molecules packed 
in a coiled-coil, and (c) shows the head-to-head 
arrangement within the paracrystal. A visual summary of 
the computer modelled staining, with head-to-head
polarity for the molecules in the paracrystal, is shown
At the centre of the figure on the preceding 
page is the proposed model of the paracrystal. The alpha- 
helices are wound together as a three strand rope and 
arranged head-to-head with the acyl chains represented by 
two sets of parallel lines. The computer generated band 
patterns show where, on the basis of the protein 
sequence, amino acid residues which are negatively 
charged (lower half) and positively charged (upper half) 
would be expected to be stained with the heavy metal 
containing cation uranyl, or the anion phosphotungstate. 
The gap between the C-terminus groups as seen in the low 
dose images of the uranyl acetate stained paracrystals 
was added to the simulation *by hand* as a negatively 
stained contribution to the otherwise positively stained 
pattern.
Further out from the centre are low pass 
filtered images, at about 3 nm resolution, adjacent to 
the correspondingly stained images for direct comparison 
at the same magnification.
An analysis of this type depends on the 
electron microscope images showing evidence of 
differential ionic positive staining. This was confirmed 
by the low concentration stain paracrystal that was 
formed by calcium acetate drying which showed an 
identical pattern to the PTA stain simulation.
The paracrystals formed in this study were 
different to those investigated earlier in that the 
periodicity was 20 rather than 22 nm [79]. This was
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mainly due to the width of the stain excluding region, 
which was 3 nm rather than 4.6 nm. Being, presumably, a 
lipid/detergent phase the different detergents used, 
could explain the change in size. The earlier model of 
the paracrystal suggested a lipid bilayer structure for 
this region, which would be expected to produce a strong 
0.42 nm equatorial intensity in the diffraction pattern 
[80]. That this was not found, and that the 3 nm width 
for the region would be too small to accommodate two 
palmitoyl chains in extended form in a bilayer, indicates 
that the fatty acyl chains are interdigitated and contain 
detergent.
The 0.5nm meridional arcs found in the electron 
diffraction patterns are at a spacing typical for coiled- 
coil alpha-helices [81,82], This has been found by X-ray 
diffraction in a wide range of proteins such as alpha- 
keratin [84], paramyosin [85], tropomyosin [86], and 
bacterio-rhodopsin [87]. The last reference is of 
particular relevance here as the 0.52 nm spacing may be 
coming from a lipid phase. A 0.15 nm spacing would 
confirm a protein origin of the meridional, but this has 
not been observed. This, most probably, is because 
radiation damage removes such high resolution. The 
problem of displaying this reflection with X-rays is that 
the sample must be tilted relative to the beam. This is 
because of the sphere of interaction of diffraction 
(Ewald sphere). At the resolution obtained in most 
biological electron microscopy, the Ewald sphere for 80
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kev electrons is satisfactorily considered as a flat 
plane. The maximum for a 0.15 nm reflection would, 
however, require a 4° tilt, but the effect could only be 
considered as marginal.
The extension of the diffraction arcs, measured 
as the width at half intensity, gave a repeating unit 
size of 20 nm. There was no indication in the low angle 
patterns of any halving of the repeat that would be 
expected from the low dose negatively stained image and 
in this and the earlier models for the paracrystal. It
can only be assumed that the carboxy-terminii and the
predominantly positively charged end-residues form strong 
salt bridges, pulling the paracrystal together. This 
interaction may be overcome in the strongly acidic ( pH
4.0 ) conditions of uranyl acetate paracrystal formation, 
allowing the entrance of stain into this zone. This may
also explain the absence of a uranyl equivalent to the
PTA, low concentration, calcium acetate paracrystal.
A choice exists for the number of alpha-helices 
which make up the complex. Two models have been advanced 
for lipoprotein on the basis of heptad repeats in the 
amino acid sequence, a hexameric [88] and a dimeric 
coiled-coil [89] structure.
This is a pattern of hydtophobic amino acid resides vhich occur at alternate 
intervals of three and four resides along the polypeptide chain. It is 
characteristic for alpha-helical, coilad-ocil proteins.)
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The 2 nm striations seen in the thin, PTA 
positively stained paracrystals would favour the latter, 
although in principle a three stranded 'rope' would also 
be possible. Theoretically, three and two stranded 
structures are equally feasible [89], The majority of 
coiled-coils investigated have been found to be two 
stranded, e.g, tropomyosin [90], myosin [91], paramyosin 
[92], desmin [93], keratin [94], intermediate filament 
proteins [95], and the M-protein of Staphylococcus aureate 
[96],
The haemaglutinin glycoprotein of influenza 
virus has been shown by high resolution X-ray analysis to 
have a three stranded coiled-coil structure together with 
the heptad arrangement of hydrophobic residues [97], This 
has also been described in serum protein fibrinogen [98], 
and very recently in an electron microscopy study of the 
GP17 tail fibre of the bacteriophage T7 [99], These last 
authors point out that double stranded coiled-coil 
molecules are built ^n vivo into higher order assemblies 
and that in isolation they may be too flexible to give 
stable structures. This view is reinforced by an NMR ( 
nuclear magnetic resonance) spectroscopy study of the 
mobile residues in the coiled-coils of epidermal keratins 
[100],
In E. coli envelopes, a stoichiometry of two 
free lipoproteins to one peptidoglycan bound molecule has 
been found [84], This, by itself, suggests a trimeric 
arrangement in which one linked lipoprotein would be
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associated with two in free form, A three strand 
arrangement would allow greater possibility for ionic 
cross-bridges between side chains of the alpha-helices, 
Evidence of the state of aggregation from gel-filtration 
and ultracentrifugation studies have failed because of 
nonspecific association caused by the hydrophobic lipid 
moiety. Genetic manipulation of E. coli has produced a 
lipoprotein devoid of 7 amino acids from the N-terminus 
and lacking the lipid domain [101], This protein was 
localised in the periplasmic space with a minor fraction 
bound to the peptidoglycan. Chemical cross-linking showed 
that this lipoprotein existed in solution as a trimer.
A diagram of the proposed model of lipoprotein, 
associated with the peptidoglycan layer through the 
protein domain and with the outer membrane through the 
lipid domain, is shown below.
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Although it was possible to make some pre­
dictions of the high resolution structure of the 
molecule, because the order could not be improved by 
using unstained methods, any further work was limited for 
electron microscopy. It may be possible to improve the 
orientation by forming the paracrystals in the presence 
of a high magnetic field. This method has been shown to 
align filamentous viruses ( F. Booy, personal 
communication ). Another approach would be to iodinate 
the tyrosine in the molecule. This has been shown to 
increase the rate of aggregation of soluble collagen and 
may allow crystallisation.
The next section of the thesis investigates 
thin 3-dimensional crystals, some of which allow high 
resolution determination.
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STRUCTURAL STUDY OF RESTRICTION ENZYME-DNA COMPLEXES
5.1 Introduction
Of the recent advances made by molecular 
biology, gene manipulation or genetic engineering has 
enormous potential. The Watson-Crick model of DNA 
revealed the genetic information of a cell to be stored 
in a linear code of paired bases along the molecule 
[102]. The ability of a protein to recognize a specific 
sequence of bases along the DNA lies at the heart of many 
fundamental biological processes. One of the most 
intriguing questions in molecular biology today is 
whether the details of these individual recognition 
mechanisms will form a small number of simple patterns 
that will lead to a general recognition code.
The development of genetic engineering depended 
on a method of cutting the duplex DNA into discrete 
fragments, separating the fragments and attaching them to 
vectors which are then taken up by the host and 
incorporated into its genetic make-up. The discovery that 
bacteria could protect themselves against foreign DNA was 
shown by the restricted infectivity of bacteriophage on 
E. coli strain K as compared to other strains [103]. The 
phage DNA was shown to degraded soon after injection and 
the responsible enzyme is called a restriction 
endonuclease or restriction enzyme. The restrictive host 
must, of course, protect its own DNA from the effect and
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so its DNA is modified. Modification involves methylation 
of certain bases at a very limited number of sequences 
within the DNA which constitute the recognition sequences 
for the restriction endonuclease. The enzyme of E.coli K 
proved to have a complicated mode of DNA scission with an 
initial single stranded cut being made a random distance 
from the recognition site and requiring a second cut to 
complete the double strand break [104].
A second type of restriction enzyme was first 
found in Haemophilus influenzae Rd which had a much 
simpler mode of action [105]. These type II enzymes 
recognize a particular target sequence and break the 
polynucleotide chains within, or near to, that sequence 
to give rise to discrete DNA fragments of defined length 
and sequence. This is of fundamental importance in the 
manipulation of DNA: the type I restriction enzymes while 
recognising specific nucleotide sequences, their cleavage 
sites are non-specific. The fragments can be studied by 
gel electrophoresis and the band patterns obtained can be 
characterised and separated.
The nomenclature of the many restriction 
enzymes uses the species name of the host organism 
identified by the first letter of genus name and the 
first two letters of the specific epithet to give a 
three-letter abbreviation in italics: for example,
Escheridda coli = Eco
Haemophilus influenzae = Hin.
The following alphabetical letter either denotes the
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strain or a virus or plasmid derived origin. The final 
Roman numeral represents the ordering (generally 
chronological) of a strain that has a number of different 
restriction and modification systems. This should not be 
confused with the classification of restriction enzyme 
type.
Eco RV endonuclease is a type II restriction
enzyme. It is a dimeric enzyme of molecular weight 2 x
29,000 daltons. It cleaves, in the presence of magnesium 
ions, double stranded DNA at the sequence 5'-GAT*ATC. The 
asterisk identifies the point of scission which produces 
blunt ended fragments [106]. It has very high specificity 
and is an attractive system for structure determination 
of protein-DNA interactions. Large quantities of the pure 
enzyme have become available through the construction of 
an inducible overproducing strain [107]. Crystals of the 
enzyme have been grown suitable for structure 
determination by X-ray diffraction [108].
In this study the very thin crystals that
formed from complexes of the enzyme with small DNA
oligonucleotides are shown to give high resolution 
information for the orientation of the DNA within the 
enzyme dimer. A comparison is made of a low resolution 
reconstruction of the enzyme with the X-ray map and an 
investigation made into a full analysis at atomic 
resolution of structure.
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5.2 Materials and Methods
5.2.1 Specimen Preparation
(a) Growth of Culture
Escherichia coli 1100 (pRK248, pACM, pTZ115-14) 
cultures were obtained with the permission of their 
constructor ( Dr. M. Zabeau, Plant Genetic Systems, 
Ghent, Belgium ) from Dr. S. Halford ( Department of 
Biochemistry, University of Bristol).
The three plasmids carried by this strain 
confer the following properties:
pRK248 has a temperature sensitive cl repressor ( Cl 
857) and gives tetracycline resistance.
pACM has the Eco RV methylase and gives chloramphenicol 
resistance.
pTZ115-14 has the Eco RV endonuclease under the lac 
promoter control and gives ampicillin resistance.
This overproducer should yield about 1 mg of 
endonuclease per litre of growth medium. The following 
method was used to provide enzyme for structural studies.
6 litres of the growth medium ( L-Broth ) were 
made up in water.
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Growth medium
Bacto-Tryptone 10 g / litre
NaCl 10 g / litre
Yeast Extract 5 g / litre
5 litres of this was dispensed into 10 conical flasks ( 2 
litre ), 500 ml in each. The remaining litre was
dispensed, 100 ml into 5 conical flasks ( 250 ml ) and
100 ml into 5 screw top bottles ( 250 ml ). 1.5 g of agar
was added to each of the bottles to give 1.5 %. The
flasks were stoppered and all the media were autoclaved
o
at 15 lbs / ins for 15 minutes.
Stock solutions of antibiotics were made:
Ampicillin 40 ml of 25 mg/ml in water
Chloramphenicol 10 ml of 25 mg/ml in ethanol
Teracycline 20 ml of 12.5mg/ml in 1:1 water:ethanol
These were filter sterilized with a 0.2 jj, m 
Millipore filter and added to the mediitmwhich had cooled 
to room temperature. The volumes added were calculated to 
give a concentration in the medio** of Ampicillin 0.1 
mg/ml, Chloramphenicol 0.02 mg/ml and Tetracycline 0.005 
mg/ml.
The bottles were sufficient for pouring four 
Petri-dishes. The cultures were streaked onto the surface 
of the cooled gel with a sterile platinum loop to give 
single colonies. They were put into a 30 °C incubator for 
24 hours. The plates were stored at 4 °C for about two
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months, when the colonies were transfered onto new media. 
Single colonies were picked off the surface with a 
sterile needle and used to inoculate the 250 ml flasks. 
They were grown with shaking at 30 °C for 24 hours. 
During this time the other flasks were also kept at 30 °C 
and the clarity of the medium checked to show that the 
medium and antibiotic,were sterile.
After 12 hours, 20 ml of culture was then 
removed from each of the flasks and transferred to empty 
sterile 50 ml conical flasks. They were incubated for 12 
hours at 42 °C with shaking. The content of Eco RV was
assessed by SDS gel electrophoresis of the whole cell
extracts against an Eco RV standard.
On the basis of the enzyme content a culture 
was chosen and 2 ml aliquots from this flask were used to 
inoculate 5 of the 2 litre flasks. They were grown for 12 
hours at 30 °G with shaking. The remaining culture was
dispensed 1 ml at a time, aseptically, into sterilised
Eppendorf tubes containing 0.25 mis of glycerol. These 
were sealed, shaken to mix the glycerol and frozen in 
liquid nitrogen. They were then stored in a -70 °C deep­
freeze supervised by Dr. J. Beeching, Plant Sciences, 
University of Bath*.
An incubating cabinet with orbital shaker 
capable of taking 5, 2 litre flask was warmed to 42 °C.
PepnLssi.cn must be obtained from Dr. Tahmu for the use of these colonies.
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The remaining 5, 2 litre flasks were heated on a water
bath to 55 °C. After the 24 hour growth the cultures had 
become turbid. Equal volumes of the 55 °C media were
added to the culture flasks to quickly shift the 
temperature. They were promptly transfered to the 42 °C 
incubator and then grown with shaking for the next 12
hours. The cells were harvested by centrifugation at
10,000 rpm for 10 minutes. A combined cell pellet was 
stored in a deep-freeze at -20 °C.
(b) Purification of enzyme.
Unless otherwise stated this was performed in a 
cold room at 4 °C using Buffer A to which NaCl and other
chemicals were added as indicated.
Buffer A : 20 mM K2HP04
1 mM EDTA 
10 mM Mercaptoethanol
pH 7.0
The cells were thawed and resuspended in 50 ml 
of Buffer A + 0.8 M NaCl and 0.05 mM PMSF. This was 
sonicated for 6, 2 minute periods. The cell debris was
removed by spinning at 100,000 g for 30 minutes. The
supernatant was added to 3 volumes of Buffer A bringing
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the salt concentration to 0.2 M. ( The high salt aids 
extraction during sonication.)
The first purification step was by 
phosphocellulose chromatography [109].
2 g of Whatman Pll was suspended in 100 ml of 
0.2 N HCL diluted 1:1 with 95% ethanol and stirred gently 
for 30 minutes at room temperature. The slurry was 
allowed to settle and the supernatant aspirated to remove 
the fines. The resin was collected by vacuum filtration 
and washed 3 times by suspension in 100 ml of water. The 
pH was adjusted to near neutral with 1.0 N NaOH and the 
resin was suspended in 100 ml of 0.1 N NaOH. It was 
stirred gently for 30 minutes at room temperature, 
collected by filtration, and suspended in 100 ml of 1 mM 
EDTA. The resin was then given three cycles of stirring 
for 15 minutes, filtering and washing in water. The pH 
was adjusted to near 7 with 1 N HCL and it was filtered 
and resuspended in Buffer A + 0.2 M NaCl. The pH was 
carefully adjusted to 7.0 before pouring the column, 
since many column volumes of diluted buffer are required 
to equilibrate the pH of the packed column. A 10 ml 
column was prepared.
The supernatant from the centrifugation, di­
luted to 200 ml, as described above,was loaded onto the 
column at 40 ml / hour ( about one drop every three 
seconds). The column was then washed with Buffer A + 0.2 
M NaCl and samples of the supernatant were assayed by 
measuring the optical density at 280 nm until the level
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returned to the baseline. Elution of the Eco RV was with 
a linear gradient of Buffer A + 0.2 M NaCl up to Buffer A 
+ 0.8 M NaCl, 25 ml of each. Fractions were collected at 
0.5 ml and assayed by SDS gel electrophoresis. The peak, 
around 0.5 M NaCl, was pooled ( 10 ml ). The column was 
used just once and discarded.
The final chromatography step was with a blue- 
dextran sepharose column.
2 g Reactive Blue 2-Sepharose CL-6B ( Sigma 
Cat. No. R-8752 ) was swollen in Buffer A + 0.025 M NaCl 
overnight. It was then filtered and washed with the same 
solution twice and poured into a column of about 15 ml. 
The pool from the phosphocellulose column was diluted 
with 20 volumes of Buffer A and loaded at 40 ml / hour 
onto the column of Blue Sepharose. After washing with the 
same buffer, the enzyme was eluted with a linear gradient 
of Buffer A + 0.025 M NaCl up to Buffer A + 0.4M NaCl, 20 
ml of each, at 20 ml / hour. Fractions were collected at 
0.5 ml and assayed for protein by spectrophotometry at 
280 nm. The pooled peak of 5 ml was adjusted to 70% 
ammonium sulphate by adding the solid. This precipitated 
the protein and it was centrifuged with a bench minifuge 
for 5 minutes. The supernatant was discarded and the 
pellet was stored at -20 °C.
The column was washed with Buffer A + 0.001% 
sodium azide.
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(c) Crystallisation with Oligonucleotides
Crystallisation was by the vapour diffusion 
method where the solution is placed within a controlled 
environment so that solute is either gained or lost in 
order to give a slow precipitation.
Square glass plates with nine circular 
depressions, or wells, ( Polysciences Inc., U.S.A.) were 
cleaned and siliconised. A mark was made at the top left- 
hand corner to permit identification.
The stored enzyme precipitate was thawed and 
resuspended in 0.25 ml of following buffer:
10 mM HEPES 
175 mM NaCl 
1 mM EDTA 
1 mM DTT
pH 7.5
This was then dialysed against 1 litre of the same buffer 
at 4 °C for 6 hours with Spectropore dialysis tubing 
No.6., having a molecular weight cutoff of 10,000. The 
protein concentration was adjusted to about 7 mg / ml ( 
an optical density at 280 nm of 11.0 ). The restriction
enzyme was dispensed as 10 pi aliquots into the
crystallisation wells.
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The cognate decanucleotide 51-CCGATATCGG
(recognition sequence of Eco RV underlined), 1 mg of 
which was obtained from Dr. B. Sproat ( E.M.B.L.,
Heidelberg, West Germany ), was used to form complex 
crystals. A 1 mg / ml solution was made up in water ( an 
optical density at 260 nm of 20.0 ). It was added in 1 pi 
increments, from 1 to 9 pi, to the 10 p 1 of enzyme in the 
wells (going from left to right and down). Water was
added to the wells to bring the final volume of each to
20 pi. This reduced the salt concentration to be close to
that which would precipitate the enzyme. The plate was 
placed in a standard plastic 9 cm Petri-dish with 5 ml of 
water around it and the dish was sealed with silicone 
grease and left undisturbed at room temperature until 
crystals formed. A photograph of such a preparation is 
shown below.
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A slightly different set of conditions was used 
to form crystals with the non-cognate octanucleotide 5 1- 
CGAATTCG. The salt concentration was adjusted to 150 mM 
and polyethylene glycol ( molecular weight 10,000 ) was 
added to give a concentration of 0.8%. The vapour 
diffusion this time was against lOOmM NaCl at room 
temperature.
The tri-osmium cluster compound was prepared by 
Dr.W.Jahn ( Max Planck Institute for Medicine, 
Heidelberg), the specific decanucleotide was derivatised 
and purified by Dr.B.Sproat ( EMBL, Heidelberg ). The 
crystallisation procedure was as for the decanucleotide
5.2.2 Electrophoresis
Proteins were separated by sodium dodecyl 
sulphate polyacrylamide gel electrophoresis (SDS-PAGE) 
using a discontinuous buffer system and continuous 
gradient gel of 8-25 %, following the procedures of the 
PhastGel ( Pharmacia Ltd. ) system.
Whole cell extracts of the E. coli cultures 
were obtained by centrifuging, with a bench minifuge, 1 
ml samples for 1 minute. The pellets were resuspended in 
200 pi sample buffer: 10 mM Tris/Cl
1 mM EDTA 
2.5 % SDS
5.0 % Mercaptoethanol 
.01% Bromophenol Blue. pH 8.6
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They were mixed well and heated for 5 minutes on a 
boiling water bath. Debris was centrifuged out with a 
bench minifuge. 1 pi samples were applied to the 8-25 
gels together with standards. The electrophoresis took 
about 30 minutes and the gel was stained with Coumassie 
Brilliant Blue and destained in 30 % methanol/10% acetic vjv  
acid.
DNA was separated by agarose gel 
electrophoresis using a 1.1% agarose concentration. 
Lambda phage DNA was digested with the purified Eco RV at 





50% Glycerol pH 7.0
1 p 1 of the enzyme was mixed with 1 pg of DNA in 3.5 pi 
to this was added 4.5 pi of water and 1 pi of the buffer
500 g/ml Bovine serum albumen (BSA)
500 mM NaCl 
500 mM Tris/Cl 
100 mM MgCl2- 
10 mM DTT pH 8.0
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After 1 hour at 37°C the digestion was stopped with a 5 
pi sample of the buffer of 40% Sucrose, 100mM Tris/Cl ( pH
8.0 ), lOOmM EDTA and .05% Bromophenol Blue.
After a 1 minute centrifugation the sample was loaded 
onto the gel. The gel was run with Tris-Borate-EDTA 
buffer at 150 volts for 2 hours. When the electrophoresis 
was complete the gel was stained with a 1 pg/ml 
concentration of ethidium bromide for 15 minutes. The gel 
was destained in distilled water for 5 minutes and 
examined with an ultra-violet viewing box. Photography 
was with a Polaroid Land camera with 665 film.
5.2.3 Electron microscopy
The crystal preparations were first transfered 
from the wells using a 50 pi micropipette, to an 
Eppendorf tube. The pipette tip was used to break up the 
cluster of crystals by flushing the solution through it a 
few times. A 5 pi drop was placed on a carbon-collodion 
coated grid and then preparative methods as described in 
section 3 were used.
5.2.4 Computing
Micrographs to be processed were selected by 
optical diffraction. Selected areas were scanned with an 
Optronic P-100 rotating drum microdensitometer.
Calculation of the Fourier transforms and indexing the
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reciprocal lattices for peak selection was carried out by 
the method of Leonard etal. [ill].
5.3 Results
5.3.1 Enzyme purification
The 5 litres of culture produced a wet weight 
of 5 g of cells. The image below shows the result of the 
PhastGel electrophoresis of the samples from the 
different starter cultures. The left hand lane shows the 
molecular weight standards which were, from the bottom 
(origin) to the top; Phosphorylase b:94,000, BSA: 67,000, 
Ovalbumen: 43000, Carbonic Anhydrase: 30,000, Soya Bean
Trypsin Inhibitor: 20,000 and alpha-Lactalbumin: 14,400. 
The 4th. lane from the left shows purified Eco RV: 29,000 
monomer molecular weight. The 2nd. and 3rd. lane show the 
proteins of a colony before and after inducing the enzyme 
at 42 °C. The other lanes show four other induced
colonies, all of which show a strong band at 29,000 MW.
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The next image shows the effect of the
purification steps on the purity of the enzyme. The left
lane is again the same set of standards. The 4th. lane 
shows the proteins present in the supernatant from the
sonicated and centrifuged cells. This was loaded onto the 
phosphocellulose column and the peak eluent from this is 
shown in the 5th. lane. The eluent from the sepharose- 
blue column is shown in the 2nd. lane, with a lOx
dilution in the 3rd. The 6th. and 7th. lanes show a lOx 
dilution of the 1st and 2nd.
The yield of purified enzyme as estimated from 
the optical density was 4.5 mg. For digestion and binding 
studies about 1 mg of this was diluted to 0.05 mg/ml in 





50% Glycerol pH 7.0
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The activity of the enzyme is reported to be 1 
unit per 0.05 ng [112]. This gives a concentration of 10^ 
units/ml for the stored solution". The photograph below 
shows from right to left the digestion of Lambda DNA by 
successive tenfold dilutions. The extreme left is a DNA 
standard. The 2nd. lane from the left, a lOOOx dilution 
shows incomplete digestion with streaking of the high 
molecular weight DNA at the top (origin). The lOOx 
dilution, 3rd. lane, shows complete digestion. This 
indicates that the activity falls short of the optical 
density derived value by about a factor of three. This is 
in line with the observations of other investigators ( S. 
Halford, personal communication ).
" Epparfarf b±es cmtaining this dilution, a revised estimate of 300 units/ 1 can 
be fond in the -70 deep-freeze infer the supervision of ER. J. Beeching, Dpt. 
Plait Sciences, University of Bath.
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5.3.2 Electron Microscopy
(a) Non-specific binding to DNA
Mixed with an excess of the enzyme, DNA was 
shown by negative staining to become coated. The first 
image below shows Eco RV mixed in a 20x excess, weight 
for weight, with Lambda DNA ( The molecular weight of the 
dimer is approximately lOOx that of a base pair. Thus a 
lOx excess will have the dimer spanning 10 base pairs 
[3.4 nm], and a 20x excess would only give a 5 base pair 
space for each enzyme dimer ). The scale bar represents 
100 nm.
The maximum width of the coating was found to be 6 nm and 
the minimum spacing along the thread, 3 nm. The enzyme 
was mixed with a circular DNA, a plasmid pEMBL8. With the 
same 20x excess, the measured length of the DNA was the 
same as assuming a 0.34 nm base pair separation of 'Bf
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DNA. An image from this preparation is shown below. The 
scale bar represents 100 nm.
(b) Crystals with a specific decanucleotide
Eco RV complexed with 51-CCGATATCGG gave 
crystals in wells with a protein to DNA weight ratio 
around 10:1. The crystals which formed were observed 
negatively stained with uranyl acetate, as shown in (a) 
on the next page. This projection of the crystal gave a 
unit cell dimension of a = 5.4 nm, b = 6.4 nm, and 
although the edges of the crystal were irregular the 
crystals were essentially rectangular, up to 5 pm across. 
The long dimension of the crystal was parallel with the 
long unit cell axis. The scale bar represents 500 nm. 
Figure (b) shows the optical diffractogram of (a) aligned 
with the crystal. The scale bar indicates a distance from 
the origin of a 2 nm spacing, (c) Shows the computer 
calculated, noise filtered, image of the projection. The 
white areas show regions of protein, contoured to stain.
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Image (d) shows a section of a plastic embedded crystal. 
This views the crystal from the side, along the 5.4 nm 
axis. The unit cell dimensions of this view are b = 6.4 
nm, c = 17 nm. The scale bar represents 100 nm.
When dried in glucose the crystals gave, with a
_  o
dose of 0.01 e“/ nm , diffraction patterns which showed 
high resolution reflections out to 0.3 nm, as seen in the 
figure (a) on the next page. The scale bar represents a 
spacing of 0.5 nm. The unit cell dimensions are a = 5.6 
nm and b * 6.4 nm ( shown respectively, vertical and
horizontal on the page ) . Both axes show evidence of
systematic absences on the odd orders. This would be good 
evidence for an asymmetric feature within the unit cell. 
Patterns show good mirror and Friedel symmetry.
Figure (b) on the next page shows a low dose 
diffraction pattern from a frozen, hydrated crystal. This 
shows reflections out to 0.28 nm but the mirror symmetry 
is broken between the top and bottom halves. A small 
amount of tilt about this axis would be expected to 
produce this. The unit cell in this case was the same as 
was found with the glucose preparations, a cell axis size 
ratio of 0.88 . The ratio found for negatively crystals 
was 0.84 because of a small reduction in the *a* axis.
Attempts were made to obtain low dose images of 
unstained crystals but these were not successful, 
presumably because of movement in the multilayered 






(c) Crystals with a non-specific octanucleotide.
The Eco RV complexed with 5'-CGAATTCG double 
stranded DNA ( this contains the recognition sequence of 
Eco RI ) also gave thin crystals. A uranyl acetate, 
negatively stained image of a region of one of these 
crystals is shown in figure (a) below. The scale bar 
represents 250 nm and the unit cell was a = 7.4 nm and b 
= 8.4 nm.
An optical diffractogram of the image is shown 
iin (b) on the next page, with the scale bar representing 
a spacing of 2 nm. Figure (c) shows the computer 
calculated filtration of the image. The regions of stain 
iis shown in black. The multilayered nature of the crystal 
tmake it impossible to identify the molecules because of 
sjuper-posi tioning. In figure (a), at the top left hand 
corner a dark rectangular area can be seen. This is an ounscL,
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of the crystal which has become detached and dried onto 
its surface in the stain. This property of the crystal to 
dissociate into sheets could be increased by diluting the 
crystallising medium twofold with water.
The layers were found, by negative, staining to be 
crystalline. Images with the best resolution were 
obtained from tubes and an example is shown in figure (a) 
on the next page. The scale bar represents 200 nm. The 
area analysed is marked in black and the optical 
diffractogram, aligned with respect to the tube, is in 
(b). The scale bar represents 2 nm. The contributions 
from the two sides of the tube can be seen in the 
diffractogram with the crystal axes at right angles to 
each other and at 45° to horizontal on the page.
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The figure below shows a computer filtration of 
one side of the tube showing that the layers are single 
molecule thick and revealing the dimers as light regions 
against the dark, contoured stain. The unit cell 
dimensions were the same as the crystal, a = 7.4 nm and b 
= 8.4 nm.
Images were obtained from the tube at different tilts, in 
10° steps, from -60° to +60°. The Fourier transforms of 
single sides of these were then combined and back 
transformed to give a 3-dimensional reconstruction of the 
enzyme dimer. The contour plots from this were taken at 1 
nm slices and a Balsa wood model was built. A photograph 
of this is shown on the next page. The essential features 
were of two cylinders of 6 nm length and 3 nm diameter, 
positioned side by side. There was evidence of the being 
more closely connected at one end.
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The multilayered crystals were prepared in 
glucose but they gave only weak diffraction patterns, as 
shown below. There was, however, an indication of two 
sets of arcs at 0.34 nm. The orientation of these arcs 




The computer filtered images of the negatively stained 
crystal and of the single layer of molecules are quite 
different, as seen below in (a) and (b). In (c) two 
images of (a), representing the contour plot as grey­
scales, are shown superposed at one half unit cell 
displacement along both axes.
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The synthesis of the image of the crystal packing 
indicates that there is no rotation of the molecules 
between different layers, only translations that do not 
alter their orientation. The 0.34 nm spacing is typical 
for 'B1 form DNA and the arcs give the orientation of 
this to the crystal 'b' axis. Because there is only 
translation between layers the orientation can be related 
to the single layer projection and therefore to the 
molecule. The image below shows the two possible modes of 
binding of the DNA to the enzyme dimer due to the 
constraints of the DNA diffraction.
(d) Crystallisation with the specific decanucleotide
containing a tri-osmium cluster.
The crystals formed with the same appearance as 
the non-derivatised decanucleotide. The sequence was the 
same as had been used before. They were prepared by 
drying on a grid in glucose and examined in diffraction.
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The patterns below show a comparison of 
derivatised ,upper, and the tri-osmium 
derivative, below. They are at the same camera 





Both patterns are aligned with the axes in the 
same orientation, the 'a* axis is vertical and the 'b'
axis is horizontal. The scale bar represents a spacing of 
0.5 nm in both. The top pattern is of the non-derivatised 
complex crystal, and is therefore another example of the 
patterns obtained from specific deca-nucleotide ( see 
page 105 ). The unit cell dimensions for this crystal
were 'a' = 5.6 nm, fb* = 6.4 nm and a/b = 0.88, as in the
earlier patterns. The systematic absences are better 
preserved in this example. Along the 'a1 axis only the 
8th and 12th orders are strong, with a weak 10th. On the 
'b* axis the even orders from the 8th to the 16th can be 
seen, but there is some intensity on the 11th and 13th.
The pattern of the derivatised complex has unit 
cell dimensions of 'a' = 6.0 nm, *b' = 6.4 nm and a/b = 
0.93. The *bf crystal axis was the same as the non- 
derivatised, whilst the other axis was 7% larger. There 
are marked differences between the two patterns. The 
resolution is as good in both but the intensities show
some blurring at high resolution in the derivatised. Most 
significant is the alternation in intensity of the rows 
of reflections when viewed parallel to the 'a' axis. This 
indicates a strong feature at half the unit cell size 
running along the *bf crystal axis. The strong 
reflections are sharp and distinct but the weak 
reflections are blurred and appear streaked in the 
direction along the 'a' axis.
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5.4 Discussion
The preparation and purification of this enzyme 
was straightforward and yielded sufficient material for 
structural studies. When a small amount of material was 
passed on to the molecular biologists it was received 
eagerly; as, in terms of commercial value, it was worth 
some hundreds of thousands of pounds.
The non-specific binding of the enzyme to DNA 
showed a high affinity. The association did not produce 
any stacking or contraction of the DNA length, unlike 
many other DNA binding proteins. The molecule could be 
discerned along the DNA as a string of beads with maximum 
and minimum projected sizes of 6 and 3 nm. This is 
consistent with the enzyme binding to DNA as a dimer, and 
confirms evidence of dimeric association by analytical 
centrifugation [108].
The crystallisation of the complexes was found 
to be most successful close to a 10:1 weight ratio of the 
protein to the oligonucleotide. This is consistent with 
the ratio of molecular weights and a 1:1 binding of one 
enzyme dimer to one double stranded DNA oligonucleotide. 
The crystals which formed grew in the wells in a 
spherulitic fashion, that is like a mass of plates from a 
central core. This is typical of fast uni-axial crystal 
growth. ( This is frequently observed, indicating that
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thin crystals grow, not because one axis grows fastest, 
but that one axis grows very slowly; if at all in some
decanucleotide showed clear domains of protein in the 
computed filtration, but because of the multilayered 
nature of the crystal, superpositioning prevented 
identification of the molecule. In order to determine the 
packing within the unit cell, the size of the cell volume 
was determined. The size cell dimension in the 'c* 
direction, the direction of the thickness of the crystal, 
was first investigated by a diffraction method. The 
diffraction pattern of a negatively stained crystal was 
observed while the crystal was tilted, giving the 
positions of the intensities in the 3-dimensional 
reciprocal lattice. Knowing the tilt angles, the size of 
the unknown unit cell dimension could be derived. This 
method showed that the crystal was being radically 
altered by irradiation. It was shown that the thickness
extended study into this phenomenon is given in the next 
section of the thesis. By this method, the initial size 
was estimated to be between 14 and 16 nm. Using sections 
of plastic embedded crystals the size was measured to be 
16 nm. This value gives a volume for the unit cell of 587 
nm . The molecular weight of the enzyme dimer-DNA complex 
is 63,800 daltons. With four dimers packed in the unit 
cell the volume per dalton (Vm ) is 2.3 nm^ / kilodalton.
cases. )
The crystals that formed with the specific
of negatively stained specimens was reduced /half An
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This value is consistent with that found for most protein 
crystals [113].
The high resolution diffraction patterns of the 
unstained preparations showed some systematic absences in 
the odd order positions along the principal axes. This 
would indicate a symmetrical arrangement of the molecules 
within the unit cell.•However, because of the exceptions 
to the rule, the space group of the crystal could not be 
assigned. The glucose preparations showed very good 
Friedel ( across the origin ) and mirror ( across the 
axes ) symmetry of the spot intensities. The frozen 
specimens, although they diffracted to higher resolution, 
showed a loss of symmetry because of being slightly 
tilted. This is a problem associated with single tilt 
cold stages. Although the crystals were shown to contain 
DNA by chromatography of a washed sample the patterns 
show no indication of arcs at 0.34nm. This would be the 
spacing expected from 'B' form DNA .
The non-specific octanucleotide complex formed 
crystals with a different unit cell size and crystal 
type. The inter-molecule bonds were weak and the single 
molecule thick sheets and tubes, that this crystal could 
be induced to form, allowed the reconstruction of the 
enzyme dimer at low resolution. The model is shown at the 
top of the next page, together with a 0.6 nm resolution 
model obtained by X-ray crystallography of the pure ( 
uncomplexed ) enzyme [114]. The photograph shows a wire 
model of DNA in the *B' form in a possible binding mode,
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with the scissile phosphodiester bonds ( marked P ) near 
protrusions at the top of the molecule. The electron 
diffraction evidence showed that this was one of two 
possible alignments of the enzyme to the DNA.
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The crystals of the specific decanucleotide 
with tri-osmium clusters were grown in order to attempt 
to solve the high resolution diffraction pattern by 
classical X-ray crystallography techniques. The jnethod 
relies on forming heavy metal derivatives and comparing 
the diffraction patterns [115]. A cluster of atoms was 
used to label the molecules because the scattering power 
of elements does not increase with atomic weight as 
quickly for electrons as it does for X-rays. There were 
very large differences in the relative intensities of the 
reflections in the two patterns. The crystal unit cell 
size must, however, remain the same when derivatised for 
this 1isomorphous* method to be possible. The 7% increase 
in the 'a' crystal unit cell dimension prevented such an 
analysis being successful and indicated that some change 
in the pattern may be due to a re-arrangement of the 
molecules within the unit cell.
The axis that was altered had been previously 
noted as being sensitive to different preparative 
methods. The 'b* axis, however, of 6.4 nm was invariable. 
Recent publications on the structure of protein-DNA 
complexes which were determined by X-ray crystallography 
have revealed a common feature in the organisation of the 
crystals [116,117]. The oligonucleotides were found to 
stack; to form protein-DNA rods which ran along or 
parallel to a crystal axis. The fact that the DNA in 
these structures showed a 0.326 nm base pair repeat 
suggests that DNA rods may run parallel to the *b* axis
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in the Eco RV-decanucleotide crystal. This view is 
supported by the diffraction pattern from the tri-osmium 
cluster derivative which shows a strong halving of the 
unit cell in this direction. Given that two 
decanucleotides span the 'b* unit cell then, placing a 
cluster at either end of each will, at low resolution, 
halve the repeat.
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in the Eco RV-decanucleotide crystal. This would put two 
decanucleotides end-to-end across the repeat.
The model is supported by the tri-osmium 
crystal diffraction pattern. This shows, most strongly at 
lower resolution, a halving of the unit cell along the 
'b* axis. With two decanucleotides spanning this repeat 
the clusters of osmium atoms will be at half unit cell 
separation and produce the observed effect to the 
diffraction pattern. There is still the possibility that 
the changes in the pattern are due to a change in the 
crystal packing. The alteration of relative intensities 
of the reflections is much larger than would be expected 
from the additional mass in the unit cell. Such 
calculations are, however, based on the effect of bulk 
scattering rather than the single point scattering case 
in this, I believe, unique example.
It can therefore be considered that, rather 
than providing a method of solving the diffraction 
pattern of the decanucleotide crystal, it has yielded an 
important clue. The next line of investigation will be to 
simulate a crystal of decanucleotides from stored 
computer data. They will be spaced at the separation of 
Eco RV-decanucleotide spacings, with the oligonucleotides 
stacked end-to-end along the fb f axis. Calculating the 
Fourier transform of this array, the difference can be 
determined with the crystal diffraction pattern. The 
result would be a high resolution projection map of the 
restriction enzyme.
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6. A DETERMINATION OF SPECIMEN COLLAPSE
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6.1 Introduction
Radiation damage in the microscope is a subject 
of wide interest and of particular concern to those 
investigating the ultrastructure of polymers and 
biological macromolecules [118,119]. The application of 
low or minimal dose techniques has improved image 
resolution and made molecular ( unstained ) imaging 
possible. Investigations of unstained specimens in water, 
glucose and at low temperature, have concentrated on 
periodic arrays either in two or three dimensions. This 
has stimulated the use of electron diffraction which, 
because of its quantitative nature, allows assessment of 
specimen preservation with respect to preparation and 
radiation damage [30]. Thin protein crystals pose special 
problems in interpreting their diffraction patterns 
because of the small number of unit cells present across 
the crystal thickness. This problem was theoretically 
treated by Laue [120] and is of particular relevance to 
the analysis of electron diffraction patterns [121].
Proteins often produce crystals too small for 
X-ray diffraction crystallography. With platelet type 
microcrystals, electron diffraction patterns can give 0.3 
nm or better resolution. The development of electron 
crystallography is of current interest to many 
researchers investigating biological structures,
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complementing X-ray analysis and low resolution electron 
microscopy.
The analysis of the crystals from Eco RV 
revealed that the unit cell, in the dimension of the 
crystal's thickness, was becoming smaller as the specimen 
was observed in the electron microscope. This was 
attributed to a change caused by electron damage. The 
investigation is extended and developed to show that the 
volume of a negatively stained sample is reduced to about 
one half by electron irradiation. In this section 'c' 
refers to the unit cell dimension normal to the 
supporting film and the * superscript refers to the 
reciprocal lattice dimensions. The Xngstrom unit, 0.1 nm, 
is used because it makes expressions of radiation levels 
more comprehendible, the sensitivity of proteins to 
damage being about 1 e“/X^.
6.2 Materials and Methods
The Eco RV-DNA crystals were made by the 
methods shown in the previous section ( see section 5.3 
), catalase crystals by the method of Dorset and Parsons 
[122] and the yolk platelet crystals were kindly supplied 
by the late Dr. R.N. Lange. Single particles used were 
ferritin, apoferritin and glutamine synthetase ( Sigma 
Ltd., Poole, Dorset.). They were washed and diluted into 
0.9 % NaCl.
-124-
Specimens were stained with 1% aqueous sol­
utions of uranyl acetate, uranyl formate, barium acetate 
and potassium phosphotungstate.
Magnification and electron diffraction camera 
lengths were standardised against catalase and cross­
checked in diffraction with thallous chloride powder 
patterns.
6.2.1 The determination of the unit cell dimension 'c*.
Two methods were used to determine this 
spacing, both relying on the change in electron 
diffraction patterns on tilting the crystals.
(a) Goniometric measurements.
The figure below shows a square lattice of 
points. This can be taken to represent a small part of a 
real lattice where the points are centres of repeating 
motifs in a two-dimensional array.
-125-
The points can also be considered to represent the 
reciprocal lattice or diffraction pattern of a 'real' 
lattice. The central point then becomes the origin or 
zero order of the diffraction pattern. The real ( or 
reciprocal ) lattice has been extended into three 
dimensions in the next figure, taking the simplest 
example of a cubic lattice. As a reciprocal lattice, the 
origin has been placed at the bottom left and two orders 
in a*, b*, and c" are shown. When the diffraction plane 
is normal to c* ( ie. the case for an untilted specimen ) 
the square diffraction pattern or hkO projection is 
obtained, as demonstrated in the previous figure.
\ \
The dimensions a and b~ can be measured after 
calibration of the diffraction camera length with a 
compound of known lattice spacing. If the crystal is 
tilted with respect to the incident beam ( the arrow in 
the figure above ), diffraction will be seen only at 
those points in the 3-dimensional reciprocal lattice
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which intersect a central plane which is normal to the 
incident beam. The tilt axis is parallel to the lines of 
the intersecting plane shown and, in this case, is shown 
at right angles to the diagonal between a_ and b . The 
crystal ( rather than the beam as shown ) is rotated 
about the tilt axis so that the 110 reflection is lost ( 
centre spot in the bottom plane of nine spots ) and the 
111 reflection found ( centre spot in the intersecting 
plane ). The tilt angle is then recorded and o is 
determined trigonometrically. The disadvantage of this 
method, over the Laue zone method ( see below ), is that 
electron irradiation of the specimen is unavoidable 
during the * trial and error* procedure of adjusting the 
tilt angle to excite the reflections.
(b) Laue zone measurements.
As described above, a three-dimensional crystal 
with many unit cells in each of the lattice directions 
gives rise to a reciprocal lattice consisting of discrete 
reflections. For very thin crystals, there is an effect 
of crystal shape on the diffraction pattern which was 
considered theoretically by Laue [120] and reference made 
to observations obtained from electron diffraction of 
thin crystals. The limiting case of a thin crystal is one: 
which is a single unit cell thick. The three-dimensional 
reciprocal lattice of such a two-dimensional real lattice 
has continuous diffraction spikes parallel to £*• This
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is shown in the following figure (a). Tilting the 
specimen then samples the spikes at different points and 
reconstruction of the repeating unit can be achieved by 
combining the amplitude and phase data at these points 




With a very thin three-dimensional crystal, 
containing a small number of unit cells in c, an 
intermediate situation exists between the 2- and the 3- 
dimensional crystal. The diffraction points are extended 
into short spikes parallel to c * > as displayed in figure
(b). The separation of the planes of spikes is related to 
the inverse of the size of the c unit cell dimension. The 
length of the spike being inversely related to the 
thickness of the crystal or the number of unit cells 
along £. On tilting the crystal, the diffraction patterns 
show bands of reflections or Laue zones. Knowing the tilt 
angle, c can be calculated trigonometrically from the 
separation of the centres of these zones. The thickness 
of the crystal can also be calculated from the width of 
the zones [124]. Using this method it is possible to 
deduce c from tilted diffraction patterns without prior 
orientation of the crystal, thus permitting low dose 
measurements•
6.2.2 The angular accuracy of the goniometer.
As small tilt angles ( up to 9° ) were used in 
the above measurements, it was necessary to check the 
accuracy and reproducibility of the goniometer specimen 
holder within these limits. This must be done with a 
crystal which is not radiation sensitive and which has a 
known c spacing. Protein crystals have relatively large 
spacings but none were found which provide a reliable 
standard. Thin graphite crystals were therefore used
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which diffract to a resolution of 0.01 % and which have a 
well-established interlayer spacing of 3.4 % [27]. Since 
these measurements were made at higher resolution, the 
effect of the curvature of the sphere of interaction, or 
Ewald sphere, becomes important.
The next figure , an Ewald construction, shows 
a high resolution reciprocal lattice of a thin crystal 
and the intersections, normal and tilted, of the Ewald 
sphere ( the radius of which is the inverse of the 
electron wavelength ). This can be regarded as a 
reduction of figure (b) on page 128 ( where a flat plane 







In the zero tilt the separation between the Ewald sphere 
and the reciprocal lattice increases with distance from 
the origin until reflections in this plane are no longer 
intersected. Eventually, with increasing reciprocal
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distance, the Ewald sphere intersects the next layer of 
the reciprocal lattice, giving a circle of reflections 
known as the first order laue zone. The radius of this 
circle (R) is related to the unit cell dimension (c) and 
the electron beam wavelength (L), via the sagitta 
expression:
R =  [ 2 / L c  ( L << c ).
At zero tilt it is possible to determine the 
camera length (from the projected unit cell a and b ) and 
the c dimension ( from the radius of the first order Laue 
zone and the electron wavelength. A tilt set at small 
angles then produces Laue zone patterns which can be used 
to verify the tilt angles.
6.2.3 Preparation of low temperature specimens
Specimens in water were applied to carbon- 
collodion coated copper grids, blotted quickly with 
filter paper and frozen in liquid nitrogen. Samples were 
inserted into the microscope by cold transfer with the 
specimen holder at liquid nitrogen temperature.
Negatively stained specimens were dried, 
inserted into the microscope and then cooled. In order to 
determine the effect of a contamination layer, dried 
negatively stained grids were coated with carbon on the 
upper surface. As an internal control one half of the 
grid was shielded with a metal strip put over it. To
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identify the coated area a small amount of gold was 
sputtered on to the surface, the control half remaining 
shielded.
6.2.4 Determination of thickness of single particles
An area of negatively stained, approximately 
spherical and similar sized particles is diffracted, 
either directly with the electron beam or optically from 
an image. Each individual particle acts as a diffracting 
disk and a random distribution of such particles will 
then produce a combined Fraunhofer diffraction pattern. 
This ' Airy disk * pattern has an intensity distribution 
which depends primarily upon the projected outline of the 
object. The central maximum is surrounded by a dark ring 
which corresponds to the first zero of the Bessel
function. Thus, from such diffraction patterns the 
average radius of the particles can be determined using 
Bessel function tables.
If the specimen is tilted in the microscope, a 
truly spherical particle will always have a circular 
projection and the diffraction pattern will also be 
circular. Should the particle be compressed ( i.e. 
reduced in thickness normal to the supporting film ) the 
projection will increase in ellipticity as the angle is 
increased. Correspondingly, the diffraction pattern will 
cease to be circular and become elliptical, the major 
axis of the ellipse in reciprocal space being generated 
by the reduced thickness of the compressed particle. The
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minor axis of the ellipse remains constant during tilting 
because there is no change in ( real space ) along the 
tilt axis around which the spheroid is being rotated. The 
figure below shows a spheroid on an electron microscope 
becoming progressively oblate, from left to right. 
Viewing from A ( the normal direction of electron 
microscopy ) shows no change. From C the change in 
thickness would be easily measured. At B the thickness 
change is found through the sine of the angle of 




The change of height as seen from the side ( - H£ )
can be determined from the tilted view from B as the 
product of the sine of the tilt angle ( from A to B ) and 
the change in projected extension ( h^ - h£ )• To measure 
changes in thickness with electron dose, a series of 
images of the same area of specimen tilted to 45° were 
taken, followed by a final image at 0° tilt. The images
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were then analysed with an optical diffractometer and the 
degree of ellipticity determined for the diffraction 
pattern produced by each image. Alternatively, electron 
diffraction of a large selected area ( 10 p m ) was
carried out at 45° tilt and a series of patterns were
used to determine changes in specimen thickness with
electron dose.
6.2.5 Experiments with partly supported crystals.
Crystals of catalase were applied to holey
carbon films and negatively stained with uranyl acetate. 
After taking a series of micrographs with increasing 
electron dose, changes in the unit cell in different
areas of the crystal were measured with an optical 
diffractometer using an aperture to sample small regions 
of the micrograph.
6.3 Results
6.3.1 Thickness Change in Negatively Stained Specimens
(a) For thin crystals
This was measured either by direct goniometry
or by the Laue zone method. The figure on the next page
shows the patterns produced by these methods on 
Restriction enzyme Eco RV-DNA crystals. Figure (a) shows
-134-
the electron diffraction pattern at zero tilt ( down c" 
). The crystal was rotated round so that b" was parallel 
to the tilt axis ( large arrow ). The crystal was then 
rotated about b" until the pattern seen in (b) was 
obtained. Here the points along the second layer line 
have increased to a maximum intensity ( arrowed ). The 





In Figure (c) the crystal was tilted further and the
first layer line became excited ( large arrow )
coincident with a second maximum on the second layer line 
( small arrow ). By using these angles and those obtained 
when tilting the specimen in the opposite direction, it 
was possible to correct for initial specimen tilt and to
i i i i i «
ensure that c^ was perpendicular to a and b. This
procedure was one of trial and error and the specimen
therefore received a fairly high dose giving a resolution
o
limit of about 20 A.
Figure (d) shows a zero tilt taken without any 
prior alignment. This low dose pattern shows orders out 
to 10 X. Figure (e) shows a +15° tilt, with the Laue 
zones ( parallel to the tilt axis ) indicated by arrows. 
Figure (f) shows the -15° tilted pattern confirming the 
position of the zone with opposite tilt.
During the goniometric determination of the 
restriction enzyme co-crystals, it was noticed that the 
tilt angle to maximise the intensity of a given lattice 
layer would increase slowly with time. In the case of the 
example in Figure (b) this increased from 14° to 24°. 
This corresponded to a reduction in c value from 114 % to 
64 X. Using the Laue zone method the lowest dose showed 
an initial value of 124 X. The effect of dose on 'c is 
shown in the graph on the next page. The size of the 












The figure below shows a negatively stained 
yolk platelet crystal. This gave an untilted diffraction 
pattern as seen in the left example of the set.
t 1
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The projected unit cell dimensions are 'a1 = 85 8 and 
*bf = 175 X. The crystal was tilted about the b axis of 
the crystal ( horizontal on the page ). The next pattern, 
from the left, shows the maximum for the next row of 
spots. This was at a tilt angle of 25°, giving through 
the division of the *a' unit cell size by the tangent of 
the tilt angle, a value of 182 X for 'c* • The third 
diffraction pattern shows the same projection as before, 
but after irradiation with 10^ e “ / X ^ .  The tilt angle had 
increased to 44°, giving a value of 88 X for the *c' unit 
cell. The increase in the size of the reciprocal lattice 
can be seen in the separation of the lines of reflections 
which mark out the diagonal. The last pattern shows the 
pattern after dosing with no tilt.
The combined results of about fifty experiments 
to determine 'c1 using different crystals and different 
negative stains are shown in the graph below. The 






The numbers on the graph refer to different samples as 
follows: 1, Yolk platelet crystal stained with uranyl
formate. 2, Ferritin, apoferritin and glutamine 
synthetase, stained with uranyl acetate. 3, Catalase 
stained with uranyl acetate, uranyl formate, PTA, and 
barium acetate. 4, Eco RV-decanucleotide crystal stained 
with uranyl acetate. 5, Eco RV-octanucleotide crystal 
stained with uranyl acetate. 6, Scanning transmission 
electron microscope mass loss curves [133].
The unit cell dimension 'c1 , in negatively 
stained crystals, reduces exponentially with dose to 
about 50% of the starting value. In all cases of crystals 
supported on carbon films, a final zero tilt image of the 
area which had been irradiated showed no changes in 9 a* 
and 'b* , the crystal shrinkage having taken place 
entirely in the direction at right angles to the plane of 
the grid.
(b) For single particles
Uranyl acetate negatively stained preparations 
were made of ferritin, apoferritin and glutamine 
synthetase. Micrographs were taken under low and high 
dose conditions with the specimen tilted at 45°. The 
figure on the next page shows in (a) and (b), a low and 
high dose pair from an experiment with ferritin. The low 
dose image has a three dimensional appearance, whilst the 
the high dose is flat. The scale bar represents 0.15 pm.
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After dosing, the grid was returned to 0° ( carefully
keeping the area irradiated centred ) and imaged again. 
Figure (c), (d) and (e) show the optical diffractograms
of a 45° image dose set, taken after doses of 1, 10, and 
100 e"/X2. These can be seen to have increasing
ellipticity. Figure (f) is the diffractogram of the same 
area returned to 0° and shows the circular outline of an 
oblate spheroid in projection. This gives a pattern 
which, using the Airy disk approximation, fitted a
Bessel function to the minima ( arrow shows the 1st.) 
corresponding to discs of 124 X  diameter. This did not 
change with dose. The optical diffraction patterns show 
an increase in the radius of the minima parallel to the 
tilt axis with dose. This represented a reduction in 
height from 120 X  to 80 X. The 30% reduction in thickness 
with dose was plotted in the compilation graph on page 
138. Figures (g) to (j) show electron diffraction
patterns of a 10 p m selected area of negatively stained
ferritin particles tilted at 45°. The diffraction 
patterns were taken with only 0.1 e“/X^. The first
pattern in this series is thus one tenth the dose of the 
first in the image series. The pattern is quite circular 
and becomes elliptical with dose ( to Figure (i) ).
Figure (j) shows the pattern from the same region tilted 
back to 0°. The second maximum is marked by the arrow. 
The scale bars represent 50 X  in (c) to (f) and 25 X  in 
(g) to (j).
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(c) For unsupported crys tals
Crystals of catalase were negatively stained 
and dried on to carbon films with holes. The image below 
shows the result of irradiation.
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A crystal edge crossing a hole showed a pronounced 
movement in the direction of the arrow as the crystal 
contracted. Such a crystal can be considered as being 
supported only normal to the arrow at the edge ( in this 
case the unit cell 'a_* direction ) and contraction had 
taken place along the 'b' direction ( arrowed ) at the edge 
where it is least supported. The crystal projection unit 
cell area has been reduced by about 30%, packing the 
stain into a smaller area and increasing the density. The 
reduction in the unit cell axes was measured by optical 
diffraction of small areas across the micrograph.
Figures (a) and (b) on the next page show the 
low and high dose (respectively) pair of a uranyl acetate 
stained crystal spanning a hole. The change, as in the 
previous image, showed a 30% reduction of one unit cell 
dimension. Figures (c) and (d) show a crystal corner that 
was unsupported. The contraction in this case was 
isometric and gave a 20% reduction on both crystal axes. 
With unstained crystals embedded in glucose, figures (e) 
and (f), it was not possible to measure changes in unit 
cell parameters, but dose— induced shape changes of 
unsupported crystals were essentially the same. The doses 
used were 1 e “ / X ^ ,  for the low and 100 e “ / X ^  for the high 




6.3.2 Absolute thickness of stained and unstained
specimens
Catalase forms very well characterised crystals 
for electron microscopy and was chosen to test the 
methods used. As described above, a 50% relative 
reduction in ,c* was found for the negatively stained 
crystals. At low dose, the maximum value was 145 X, while 
the expected value was 206 % [125]. Thus, although the 
reduction in 'c1 agrees well with a study of sectioned, 
negatively stained ( and dosed ) catalase crystals [126], 
the starting value is still 30% less than the value for 
hydrated crystals.
Glucose embedding has been shown to give high 
resolution diffraction patterns. The projection unit cell 
sizes were unchanged in glucose and the Laue zone method 
for determining 'c.1 was used in low dose electron 
diffraction of tilted glucose embedded crystals.
The set of diffraction patterns on the next 
page show a tilt set from one crystal. The Laue zones are 
shown parallel to the tilt axis ( arrows ). The patterns 
were recorded with 0.2 e”/X^ each, and although the
strength of the pattern was reduced by radiation damage, 
the Laue zones were distinct throughout. The goniometer 
settings were -3°, 0°, and +3°. The scale bar represents 
a spacing of 5 X. Using the average 'c* values the actual 
tilt angles were calculated and this simple iterative 
step was used for a best fit to the data.
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The results of twenty tilt sets gave an average 
value for 'c' of 160 X. This represents a reduction of 
20% from the hydrated state. In order to check that the 
spacing did not change with dosing, crystals were 
irradiated at a fixed angle. The patterns below show the 
effect of dose on the low angle part of the glucose 
embedded catalase tilted diffraction. The faint signs of 
the Laue zones are arrowed in the high dose, 1 e”/X^, 
pat tern.
Laue zone measurements were made on frozen 
hydrated crystals and an example is shown in the figure 





The orientation of the Laue zones was seen to rotate as 
the crystal was tilted. The zero tilt showed zones 
running at right angles to the tilt axis of the 
microscope stage. This showed that the cold stage was 
tilted about an axis at right angles to the tilt axis. 
The measurement could not be made directly but by using a 
computer program to obtain a best fit for the data, a 
value of 175 X was obtained for *c' from an average of 
six experiments.
When dried negatively stained crystals were 
observed on the cold stage there was no evidence of the 
reduction in thickness which had been found at room 
temperature. The angle of tilt required to maintain 
maximum intensity of the electron diffraction pattern 
remained constant over a wide dose range. After about 
1000 e“/£^ the pattern had deteriorated in resolution
but all unit cell dimensions were unchanged ( within the 
experimental accuracy of 5% ).
These measurements were made with a modified 
cold trap which restricted tilting. This was removed for 
tilting above 30° with the result that the specimen 
behaved quite differently, the electron diffraction 
patterns fading very quickly. By 10 e”/X^ the pattern had 
disappeared completely. Examination of images under these 
conditions showed that the specimen had become coated by 
a thin layer (presumably water vapour ) and rapid 
destruction of the crystal by bubbling' took place, a§ 
shown in the images (a) to (d) on the next page.
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The bubbling may either be caused by some 
aggressive property of frozen water vapour in combination 
with electron irradiation, or by a simple trapping of 
active species such as radiation induced free-radicals by 
the layer. In order to discriminate between these 
possibilities, a dried negatively stained grid of 
catalase crystals was half covered with a 3 nm thick 
carbon film. The grid was then observed cold with the 
cold trap in place. The uncoated crystals did not bubble 
and gave diffraction patterns that were very stable. The 
crystals that were carbon-coated were rapidly destroyed 
by bubbling. Figures (e) to (h) on the previous page 
show a dose set from the carbon coated half. The cold 
trap was then removed and after a short time condensation 
was found on the grid and the non carbon-coated crystals 
also bubbled. The dose set for (a) to (d) was 1, 2, 5, 
and 10 e"/X^, for (e) to (f) it was 1, 5, 10 and 100 e”
/X^. The scale bar represented 0.4 pm.
The graph on the next page shows a compilation 
of the experiments that measured the value of the 'c' 
unit cell size under different preparative conditions. It 






* Value of f£* from X-ray diffraction,
1 Frozen in water at 120 °K.
2 Dried in glucose at room temperature.
3 Negatively stained at 120 °K.
4 Negatively stained at 120 °K and covered with a
contamination layer of ice or a deposited carbon layer.
5 Negatively stained at room temperature.
*
6.3 Accuracy of the Goniometer at small angles
Since the absolute value of *c^ depends on the 
accuracy of the tilt angles measured, the electron 
microscope goniometer was checked with graphite crystals. 
The figure on the next page shows high angle diffraction 
tilt sets for graphite, (a) is a projection down c 
showing the first order Laue zone.
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mThe spacing of this zone gave , using the
wavelength for 80 kev electrons as 0,0418 X, a *c'
spacing of 3.4 X. Figures (b) and (c) show + and - 3° 
tilt. The first order Laue zones are displaced in equal 
and opposite directions ( about the tilt axis ). By
calculation, the positions of the Laue zones were found
to agree with the tilt angles to within 5%. The scale bar 
represents a spacing of 0.3 X.
6.4 Discussion
One of the first observations of an interaction 
between material of biological origin and an electron 
beam was the reduction in size of a cotton thread by
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Ruska [13]. Specimen shrinkage and movement was a 
problem in the early days of electron microscopy which 
was effectively solved by supporting specimens on thin 
carbon films. Although this procedure prevents movement 
in the plane of the specimen grid, which is most 
important for projection imaging, it has been clear for 
many years the specimen becomes thinner with dose [127].
Investigations of periodic structures should 
detect distortions caused by changes of dimension. A 
study of T4 tail [128] revealed a shrinkage of the upper 
unsupported surface. Here the effect of dose was not
investigated, and the change was ascribed to a drying 
artefact. The effect of radiation damage on three- 
dimensional reconstructions of negatively stained 
stacked-disc TMV protein helices [129] suggested that 
stain migration was taking place. This process may be 
just as well explained as a contraction taking place in 
the unsupported regions of the protein, the stain moving 
with the protein as it collapses. A further study of
stained stacked-disc TMV and T2 phage tail [130] found
that "improved" images could be recorded after a pre­
irradiation of the specimen. This is certainly an
optimisation of the specimen thinning rate and 
resolution, since both are reduced with dose.
'Thinning' by irradiation is a common method of 
improving the contrast of thick sections. Quantitative 
evidence of a reduction in thickness has been found by 
many investigators on such materials as pure plastics
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[127], light meromyosin paracrystals [131], and in 
reconstructions of muscle from thin sections [132]. The 
thickness of the region of muscle that was studied was
found to be half the value it was known to be from
orthogonal sections and X-ray analysis. Grid sectioning 
of irradiated, negatively stained catalase crystals gave 
an anomalously low value for the unit cell size in the 
direction perpendicular to the supporting film, despite 
the fact that the crystals appeared to be well preserved 
[126].
The work described here shows that there is a 
marked loss of thickness for negatively stained material 
on irradiation, as had been found for plastic sections. 
By using low electron doses and electron diffraction
methods for crystalline material, it was possible to show 
direct quantitative changes as they took place in the 
electron microscope. In an unsupported specimen, 
shrinkage occurs as an isometric process and may be
related to beam-induced mass loss of the biological 
material. In the case of a specimen supported on a carbon 
film, which is the normal situation for biological 
electron microscopy, shrinkage is prevented in the plane 
of the film, with the result that there is a large 
shrinkage in the direction normal to it.
At the lowest doses possible, using the Laue 
zone method for measuring the c spacing, it would appear 
that dried negatively stained specimens are about 70% as 
thick as when hydrated. With prolonged exposure, this
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reduced to only 40% of the expected value. Over the range 
of electron dose used in a typical continuous tilt series 
for three-dimensional reconstruction, the final thickness 
would be reduced to about 50% of the theoretical value. 
Studies on isolated particles, although not exhaustive, 
are in agreement with these results.
With unstained specimens, the starting values 
are somewhat better - 85% for frozen hydrated crystals 
and 80% for crystals dried in glucose. Since these 
specimens lose crystallinity on irradiation at low doses 
( 1 to 2 e"/X^ ), it was not possible to follow the
change of unit cell size by diffraction, but the
dimension changes in the unsupported catalase crystals in 
glucose suggest that the same shrinkage process was
taking place.
The changes found in the volume of the
specimens investigated show a similar change to the mass 
loss measurements described in a study on unstained 
specimens with a scanning transmission electron 
microscope (STEM) [133]. This also showed that the loss 
was stopped by irradiating the sample on a cold stage at 
liquid nitrogen temperature. The effect of bubbling of 
the specimen was a very unexpected result. The bubbling 
of specimens is normally considered to be due to 
carbohydrates or bound water, its observation in a dry
negatively stained sample is hard to explain. In an 
earlier study of negatively stained catalase crystals at 
liquid helium temperature [134], it was found that there
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was a rapid loss of resolution with electron dose. This 
may well have been caused by the presence of a 
contaminating ice layer. This phenomenon of beam-induced 
'bubbling1 damage may well become a limiting factor with 
carbon sandwiched [135], encapsulated [136] or frozen- 
hydrated [137] specimens below -140 °C.
The effect of beam-induced shrinkage has to be 
taken into account when carrying out three-dimensional 
reconstruction by combining tilted views of single 
particles or crystals. It has important consequences for 
both the method of collecting the tilted data and for the 
end result. It is clear that some degree of correction 
may have to be applied to the 'c/ dimensions of a 
reconstruction. As can be seen from the catalase crystals 
and single particles such as ferritin, the 
reconstructions may only be 50-60% as thick as the native 
object. This shrinkage, in a typical tilt reconstruction, 
is however partially compensated for by the 'missing 
cone' effect which tends to reduce resolution and 
elongate structures in the '_c' direction. If independent 
orthogonal views of the projection from sectioned 
material are added to three dimensional reconstructions 
it will impose the correct thickness. It will not, 
however, remove the problem of combining data from 
objects of different thicknesses.
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7. GENERAL DISCUSSION AND CONCLUSIONS
The development of electron microscopy for 
biological molecules has been through the application of 
techniques to maximise efficiency. The electron 
microscopist in metallurgy can investigate his specimens, 
either with diffraction patterns or with the images of 
crystal planes, with little regard to how much radiation 
the specimen has received. For the biological researcher 
it is essential to capture an image of the specimen with 
as little pre-irradiation as possible. The fact that the 
doses that the specimens are given is referred to as 
* low1 should not hide the fact that such a dose must be 
measured in thousands of mega-rads. The electron 
microscope can be regarded as a source of radiation which 
can potentially produce flux densities equal to the 
intensities close to atom bombs [118].
In the previous chapters the detailed analysis 
of a number of crystalline biological structures has been 
described. The application of improved specimen 
preparative techniques and low dose microscopy has 
produced new information on the organisation of the 
molecules studied. This would not be possible with 
conventional microscopy, where the natural Milieu* is 
replaced with either plastic or a high density salt. The 
fact that both of these methods are prone to a volume 
reduction, which presents itself as a thinning1, when
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irradiated, will persuade future investigators to 
concentrate more on frozen specimens. The protocols and 
equipment for these techniques is continually being 
improved and simplified. With greater numbers of research 
workers in this field and an increasing number of 
structures solved by the method, the problems of 
inadequate cold traps and inflexible low dose facilities 
will be solved.
An important requirement for high resolution 
investigations is a well ordered, crystalline specimen. 
The best knownof course is purple membrane which, after a 
continual effort by Henderson and colleagues, is still 
yielding higher resolution images [15] and insights into 
image analysis [138]. The fruit of this work is the 
correction of the many aberrations which are present in 
an electron microscope image by computer analysis. The 
progress from the original 0.7 nm map to current work at 
0.28 nm is not just a matter of scale. The first images 
of this molecule showed the alpha-helices which were 
spanning the lipid membrane [50]. At high resolution the 
images reveal only slightly more. The reason for this is 
that a projection down 6 nm of coiled polypeptide 
superposes the chain and the side groups. In order for 
the structure to be interpretable the complete 3- 
dimensional analysis must be performed. This requires 
sets of images at a range of different tilts, and these 
are combined using computer techniques.
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The first example studied in this thesis was 
with a sample with only poor order. Although this was 
prepared by an improved method of ‘gentle* extraction, 
the negative stained results were very similar to an 
earlier investigation [79]. Low dose diffraction showed 
the orientation of coiled-coil alpha-helicies within the 
paracrystal. Low dose images revealed fine striations in 
the paracrystal which supported the model of lipoprotein 
being in trimeric association.This model was supported by 
a chemical cross-linking study [101], showing trimer 
formation.
The order of the paracrystals was poor because 
it was only possible to form them by precipitating them 
with salts. Crystallisation can be regarded as slow 
precipitation. If molecules are given sufficient time to 
orient when coming out of solution they will form 
crystals. The preparation for electron microscopy was by 
fast drying on to a carbon coated grid. Slow methods were 
tried, for instance by dialysis to remove the detergent, 
but the result was a large aggregate. These were examined 
by X-ray diffraction but were not sufficiently ordered 
for this. The preparation was therefore limited with 
regard to determinations at higher resolution. The 
paracrystals could not be examined unstained because they 
required ‘stain* to form. The intractability of these 
problems brought my research on this molecule to an end 
and a new investigation was undertaken with thin 
crystals.
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The restriction enzyme crystals that were 
complexed to the specific decanucleotide showed 
reflections that extended to 0.3 nm. This puts them in a 
relatively small ( but growing ) group of biological 
molecule crystals that show high resolution. It was very 
interesting to find that the same protein with a 
different oligonucleotide produced crystals with very 
poor diffraction. The Matthews' coefficient ( Vm ) for
this crystal was 3.3 nm^ / kilodalton. This is 40% higher 
than the value for the decanucleotide crystal. The larger
solvent channels in these crystals may be easily
distorted when prepared in glucose. This finding could 
have consequences for other crystals that have not been 
found to have high resolution. There may be a critical 
density of protein necessary to give a structure that 
does not distort.
The close association of the enzyme dimers in 
the crystals of the decanucleotide complex would also
support the model of a stacking of DNA oligomers into a 
rod running along one of the crystal axes. The strongly 
hydrophobic ends of the short DNA fragments must produce 
highly attractive surfaces on two opposite sides of the 
complex. In the complex with the octameric DNA the 
fragment may have been too short to extend to the 
surface.
A complete structural analysis of the complex 
from this crystal still remains to be undertaken and the 
problems of this analysis are considerable. The first
-160-
in determining the class of the crystal formed. The fact 
that systematic absences are not constant prevents 
combining data from different crystal. This problem was 
shown in the case of crotoxin complex crystals [139] to 
be due to different numbers of layers being present in 
different crystals. This may be the case here but the 
appearance of 'forbidden' reflections may also be caused 
by crystal bending. If a supporting film is not
sufficiently rigid then a thin crystal resting on it will 
bow. This will then give a diffraction pattern from a
range of different orientations from different parts of 
the curved crystal. A diffraction pattern of a glucose 
embedded catalase crystal is shown below. It has been
tilted about the crystal's 'b' axis.
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The Laue zones that cross the pattern can be seen to 
expand and join at high resolution. This is a consequence 
of the crystal being bent. The grids used in the crotoxin 
study have a supporting carbon film over 20 nm thick ( 
T. W. Jeng personal communication ), ten times the 
thickness used in this study.
In outlining the problems of high resolution 
structure determination, the case of the crotoxin complex 
is most germane to the restriction enzyme crystals. In 
the 0.35 nm resolution images that were obtained from 
crystals of this protein it was not possible to trace the 
protein backbone [140]. This is a consequence of
superpositioning that was mentioned in the case of purple 
membrane. However, purple membrane is just one molecule
thick, with crotoxin and the restriction enzyme crystals 
there are many layers and any small misalignment of tilt 
or curvature will degrade the image. The only solution of 
a high resolution structure is in a 3-dimensional 
reconstruction and this is an undertaking of a research 
group rather than an individual.
Crystallography is a rigorous discipline and 
has rules which are based on simple trigonometric
relationships and symmetries. Electron microscopy was
shown to break all the rules by having the unit cell 
change while it was being measured. The thinning of 
plastic sections was an accepted phenomenon in electron 
microscopy. When periodic specimens were found to have a 
different size, dependent on the angle of tilt required
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to observe the repeating feature, it was shown to be a 
possible source of error [131]. When the thickness of 
negatively stained samples was also shown to be reducing 
by a similar amount ( 50% ) it was only because the
sample was crystalline that the effect could be monitored 
and quantified [141].
Since the publication of this work there have 
been investigations by other researchers which support 
the findings [142,143]. Also the change in thickness for 
plastic sections follows a very similar dose response 
curve to that found in the negatively stained samples 
[144]. There may well be the same mechanism of collapse 
taking place in both cases. They both have carbon-carbon 
atomic skeletons and have covalently bound hydrogen and 
side chains attached. Radiochemical evidence [25] 
suggests that loss of hydrogen and low molecular weight 
side chains is to be expected from electron irradiation. 
The residue then compacts as the remaining carbon core is 
increasingly cross-linked. The effect of lowering the 
temperature may be because of the retention of the side 
chain mass which is frozen in the sample at liquid 
nitrogen temperature. The bubbling being produced because 
of trapped hydrogen which is still a gas at this 
temperature.
The development of small dedicated computers 
controlling the operation of the electron microscope will 
mark an important advance for ease of operation and 
versatility. Progress in this direction is at an early
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stage at present but, with larger memories and greater 
flexibility, computers will become an important feature 
of the future microscope. Such facilities, together with 
an electron detector in the microscope, would allow the 
storage of images and diffraction patterns digitally 
rather than on film.
Electron microscopy for biological specimens is 
currently going through a revolution because of the 
prospects of frozen hydrated microscopy. These are 
exciting times, the perfect specimen preparation that 
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The paper on changes of specimen thickness is 
styled as part II of an overall study of methods to 
determine thickness in electron microscope samples. The 
earlier, part I, publication is included with this set 
for completeness.
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Ultrastructure of Native Lipoprotein 
from Escherichia coli Envelopes
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The fiee form of the major lipoprotein from Escherichia coli cell envelopes has been purified 
to homogeneity by gentle extraction procedures and conventional chromatographic 
separations in a non-ionic detergent. The morphology of paracrystals obtained from 
homogeneous protein was investigated by low-dose electron microscopy. Electron 
diffraction of the paracrystals was consistent with a-heliees arranged per|>endicularly to the 
main cross-band with a periodicity of'20 nm.
1. In troduction
Th e major lipoprotein of Gram-negative bacteria 
is a small, well-characterized polypeptide consisting 
of 58 amino acid residues (Braun & Rehn. 19G9). 
There has been considerable interest in this protein 
since its characterization by Braun (1975). It occurs 
about “•5 x10s copies per cell (De Martini et al.. 
197(5) and expression and processing of its 
precursors have been studied extensively (Vlasuk et 
al.. 1984). Structurally, it has several unique 
features: the protein lacks histidine, tryptophan, 
glycine, proline and phenylalanine. The X-terminal 
cysteine is linked by a thioether to glycerol, to 
which two fatty acids are attached by ester linkage 
and a third is covalently attached to the terminal a- 
amino group of the cysteine residue Braun & Bosch. 
1072). The e-amino group of the C-terminal lysine is 
linked to the carboxyl group of e v e r y 10th to 12th 
mesodiaminopimelic acid residue of the peptido- 
glycan (Braun & Sieglin. 1970). The latter bond 
occurs in one third of all lipoprotein molecules 
present. Tin- other two thirds exist in an unlinked 
or free form (Inoiiye et al.. 1972). It is believed that 
the lipoprotein plays an important role in 
stabilizing the cell envelope and in altering the
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functional properties of various outer membrane 
and possibly periplasmic proteins by physically 
interacting with them. A prerequisite for the 
understanding of these interactions is the know­
ledge of the native structure of the proteins
involved. Former purifications of lipoprotein were 
based on extracting cell envelopes by boiling them 
in 4 %  (w/v) sodium dodeevl sulphate and fractiona­
tion with organic solvents. Such treatment is. of 
course, strongly denaturing, with conversion of the 
native conformation to a predominantly a-helical 
structure (Reynolds & Tanford, 1970). The
observation that lipoprotein consisted of about 
70% a-heliees (Braun et al., 1970) therefore required 
independent evidence. Here we describe a gentle 
extraction procedure, followed by standard purifi­
cation techniques. Paracrystals (Inouye el at., 197(5: 
De Martini et al.. 197G) of the apparently native 
form have been studied by electron microscopy. We 
have also estimated the secondary structure of
lipoprotein from our preparation by circular
dichroism. The low-resolution structural informa­
tion has been used to build a model for the 
molecular interact ions of lipoprotein. Structural 
analysis at higher resolution was performed by 
applying low-dose electron diffraction techniques to 
the paracrystals.
2. M aterials and M ethods
(a) ('allure ramlitioax
Exclicrirliiu rati strain JA22I I pp-jVltic iq/pKFX 125 
(Nakamura et at.. 1982) was grown in b-brnth 
eontaini ng 50 mg ampicillin/l (5 x I08 to 8x 108 cells/ml). 
When cell growth reached the end of the exponential 
701
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phase. 0-1 mM-fl*TG (isopropyl-/J-i>-thiogalftetopyruiu>- 
sidc) was added. After I5ntin of incubation, cells were 
harvested by centrifugation, frozen immediately and 
ston'd at. — 80°C. Approximately l‘4g of cells (wet 
weight) were obtained per litre of culture medium.
(b) I ‘rolrin determination
In most experiments, protein concentrations were 
measured by the method of Bradford (1970). The Biuret 
reaction was routinely used for protein analysis in the 
early stages of purification and amino acid analysis for 
precise determinations.
(e) Electrophoresis
Proteins were separated by discontinuous sodium 
dodecyl sulphate/polyacrylamide gel electrophoresis 
following the procedure of Lneiiimli (1970). The samples 
and standards were run on 15% (w/v) acrylamide gels 
after denaturation in incubation buffer at l(H)°C. Protein 
was stained with Coomassie brilliant blue R250/0250 
(4:1. w/w).
(d) Purification procedure
In a typical purification. 00 g of frozen cell paste was 
thaweil in 230 ml of distilled water containing I niM- 
EDTA. After centrifugation (20 mill at 500g). cells were 
resus|H'ndcd in UK) ml of breaking buffer (50 nm-sodium 
phosphate. pH 7-0) containing 3 m.\i-XuX3 0-1 M-XnCI. 
5% (w/v) sucrose. 2 m.M-.MgCI2 and 2 mg each of 
rihonuclease and deoxyribonuclease. Cells were broken in 
a French pressure cell. Cell envelojies were jielleted by 
centrifugation (00 mill at 24.000 £) and resuspended in 
05 ml of 0-1 m-KP, (pH 0-0) containing 10 m.it-.MgSO* and 
2-5 mg each of ribonuclease and deoxyribonuclease. After 
30 mill of incubation at 37°C. this suspension was 
centrifuged at 38.000 g for 30 mill. The final membrane 
fraction was pie-extracted once by susjiending the jiellet 
in extraction buffer containing 10 niM-sodium phosphate 
(pH 5). 5 m.M-citric acid. 3% (v/v) octyl-POE (octyl- 
polydis|>erse-oligooxyethylenc). 3 m.u-XnXj. 0-2 m.M- 
dithiothreitol and immediately centrifuged for 30 mill at 
37.000 g. Pellets were extracted rejieatedly as follows. 
The cells were resusjiended in CO ml of extraction buffer 
and incubated for 45 mill. The susjH-nsion was then 
centrifuged at 30.000g and extractions rcjieated until no 
more lipoprotein could be extracted, as judged by 
polyacrylamide gel electrophoresis. Solubilization was 
complete after 4 to C extractions. The extracts containing 
most of the lipoprotein were concentrated by pressure 
dialysis using an Amicon PM-10 membrane. After dialysis 
against buffer A (25 iiiM-imidazole • HCI (pH 7). 1%
octyl-POE. 0-2 m.M-dithiothreitol. 3 m.n-XaXj). the 
concentrate containing 4 to 5 mg protein/ml was loaded 
onto a column of Whatman DH52 (5 cm x 25 cm). The 
bound protein was eluted at (55 ml/ll with 1-5 1 of a linear 
gradient from 0 to 0-3 .M-XnCI in buffer A. Fractions 
containing lipoprotein were pooled and concentrated by 
pressure dialysis as described above. The concentrated 
solution was dialysed against buffer A and then loaded 
onto a chromatofftcusing column (I -5 cm x 34 cm) pre- 
equilibrated with buffer A. Lipoprotein was eluted with a 
poly buffer gradient from pH 7 to 4. which contained 1% 
octyl-POE and 0-2 m.M-dithiothreitol. Lipoprotein- 
containing fractions were collected, concentrated by 
pressure dialysis and stored at 4cC. Polybuffer was 
removed from lipoprotein using a Sephadex (175 column.
(e) Organic phosphate determination
The method of Fiske & fSubbarow (1925) was used to 
determine the organic phosphate content of the native 
lipoprotein.
(f) Circular dichroism measurements
Circular dichroism spectra were measured with a CXRS 
Roussel Jouan Dichrographe ITT sjieetropolari meter. 
S|K'ctra weii' analysed by the method of Provenchcr & 
Gliickner (1981). The concentrations of the lipoprotein 
solutions used were determined by amino acid analysis.
(g) Am ino acid anoll/sis and digestion 
hi/ carlioxijpeplidase
Amino acid analysis was carried out with a Durrum 
1)500 set to a sensitivity of 2-5 nmol amino acid. Samples 
containing approximately 0-1 mg of li|H)protcin were 
hydrolysed in trilluorncctic acid and concentrated HCI 
(1:2. v/v) for 25 mill and 50 mill, following the procedure 
of Tsugita & SchefHcr (1982). Glycerylcysteine was 
determined after formic acid oxidation of the lipoprotein 
(Hirs. 19(57). n-Glucosainine content was estimated after 
hydrolysis in constant boiling (0 .m ) HCI at I06°C for 24 h 
in scaled, evacuated tubes. Carboxv|>eptidase digestion 
was carried out in pyridine/acetate/collidine buffer 
(pH 8-5) using l)FP (diisopropyl-Huoropliosphnte)-treated 
carboxy|)eptidasc A and B (Sigma). Samples were 
incubated for Kill at 37°C (Tsugita & van den Brock. 
1980).
(h) Electron microscopi/
Preparations were made bv drying the detergent- 
solubilizing protein (I mg protein/ml in 1% octyl-POE) in 
the presence of the stains 1% ( w/v) UAc (uranyl acetate) 
1% (w/v) I’TA (phosphotungstic acid), brought to pH 7-0 
with KOH. or 1% (w/v) CaAc (calcium acetate) on 
carbon/collodion grids. These were examined in a Phili|is 
KM301 electron microsco|H* at 80 kV. Images were taken 
lit 2fi.000-fold magnification, calibrated using negatively 
stained catnlnse. Selected area electron diffraction was 
carried out in the standard conditions with the 
intermediate lens switched off. The camera length 
(9(50 nun) was calibrated against a (ballons chloride 
specimen. Measurements were accurate to within 1%. 
Low-dose techniques were develojied from earlier work 
(Unwin & Henderson. 1975: Jeng & Chiu. 1983). The dose 
rates were measured using the optical density of cxjioscd 
Kodak SO-1(53 (44(53) film develo|N'd for 12 mill in full 
strength 1)19 develop'd, and using a value of le"/A2 for 
optical density 2-2. Diffraction patterns were taken with 
()• I to 0-75 e'/ A2 and images with between 3 and 4e"/.V.
3. Results
(a) T he not ire stale o f  lipopro te in
The results of the purification procedure are 
summarized in Table I. In a typical preparation, as 
described in .Materials and Methods. 35 mg of pure 
lipoprotein were obtained from (50 g of wet cells. 
The lipoprotein was homogeneous as indicated by 
the single protein band on analytical gel electro­
phoresis and by comparison of the amino acid 
composition of the purified lipoprotein with those 
determined for the bound (Braun. 1975) and the 
free form (Inouyc et al.. 197(5) of ' in.
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C rude e x tra c t s ii |> em atan tt 120 0 0 1100
E x trac ts
1 05 4-4 286
2 (ill 2-0 138
:\ (i!) 0-35 24
4 01 0-38 23
5 60 0-33 20
(i 50 0-20 15
Pooled e x tra c ts  2 -0 315 0-7 220
1)K52 pool 176 0-4 70
Chroinatofociising pool 50 0 6 35
t  Knmt (R) g o f colls, wet weight.
A significant difference from previous reports was 
that lipoprotein from our preparation contained 
one lysine residue less per molecule. Enzymatic 
degradation with DFP-treated carboxypeptidases A
and B revealed that the lipoprotein we isolated 
lacked the (-terminal lysine that is involved in the 
linkage to murein in the murein-lipoprotein 
complex. When treated with carboxypeptidases A 
and B, the molar ratios of the amino acids released 
were: Arg, 0-35; Tyr, 0-34; Lys, 0-31 (Nakamura el 
al., 1980). Carboxypeptidase A alone did not release 
any amino acid. Preparations were not 
contaminated with the bound form since 
diaminopimelic acid and n-glucosamine could not 
be detected in purified lipoprotein. The phosphate 
content was less than 0 05 mol of phosphate per mol 
of the lipoprotein, indicating that the purified 
protein was essentially free of phospholipids and 
I ipo polysaccharides.
The a-helical content estimated by circular 
dichroism was 87 (±10)%. This value was
measured in the presence of 0-5%, 1% and 2% 
octyl-POE and 50 mM-sodium phosphate (pH 7-(»). 
An influence of Mg2* on the secondary structure of 
the lipoprotein, as described bv lee et al. (1977) 
could not be detected.
( b )
Figure 1. Paracrystals formed by drying in (a) uranvl acetate and (b) potassium phosphotungstate. The scale bars 
represent 50 11111. Notice the similarity of the overall morphology with those observed previously (De Martini el at.. 
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Figure 2. (a) Part of a large paracrystal formed by drying in calcium acetate. The scale bar represents 100 nm.
(b) Fleetron diffraction pattern of a paracrystal as in (a) of a low exposure, optically enlarged so that the scale bar 
represents 0-2 nm-1. (e) As in (b) but with a longer exposure time and a smaller optical enlargement so that the scale 
liar represents 1-0 nm” '.
Lipoprotein, when mixed with uranyl acetate and 
dried, produced stained paracrystals (Fig. 1(a)). The 
periodicity was found to be 20 nm, with a bright, 
stain-exeluding region 3 nm wide, alternating with 
a darker banded region of 17 nm width. The light 
region is likely to correspond to lipid and the darker
regions to protein, with the banding pattern arising 
from positive staining of anionic acid residues. With 
PTA as the stain, paracrystals with the same 
periodicity and stain-excluding region were formed 
but with a different banding pattern reflecting the 
(positive) staining of cationic residues with the
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Figure 3. An area of paracrystals formed with a low concentration (0 01%) of PTA and dried with calcium acetate 
((%). The arrows ]K>int towards regions where the cross-striations are easily seen. The scale bar represents 100 nm. The 
insertion (!>ottoin right) is at 2-75 x higher optical magnification.
i
anion ic dye (F ig . 1(b)). W ith both U A c and PTA, 
the banding patterns show ed mirror sym m etry at 
right angles to  the axis o f  the paracrystal.
W hen calcium  acetate  was used, larger 
paracrystals up to  5 pm in diam eter were formed, 
which were th in  enough for electron m icroscopy  
(F ig. 2). T hese show ed the sam e 20 nm periodicity  
but banding w as less apparent.. E lectron diffraction  
from such a paracrystal gave, a t low exposure  
(01  e~ A 2) and 20 nm periodicity extend in g  to  the 
seventh  order (F ig. 2(b)). This resolution lim it was 
presum ably due to long-range disorder caused by  
bending o f  th e planes. A t an exposure o f  
0-75 e “ /A 2. th e paracrystals gave diffraction  
patterns show ing high-resolution organization  
(F ig. 2(c)). T h is pattern is oriented as in Figure 2(b) 
and show s arcs a t l(  +  0 l ) n m  equatoria lly  
(perpendicular to the 20 nm spacing o f  the  
paracrystal) and arcs at 0-5 nm m eridionally  
(parallel to th e 20 nm spacing). T hese patterns  
faded w ith increasing electron dose and had 
disappeared after T 0 e - /A 2.
A dou ble-sta in in g experim ent performed on the 
lipoprotein w ith PTA a t low concentrations  
(0-01% ) did not y ield  paracrystals on drying. Tf
calcium  acetate  was present, sm all and very thin  
paracrystals formed during drying (Fig. 3). These  
im ages again had the overall banding pattern  
characteristic for PTA sta in ing, but in addition, 
revealed a 2 nm cross-striation. T his fine structure, 
indicated by arrows in the Figure, was radiation- 
sensitive (see above) and w as on ly  present in the  
first exposure from any region.
4. D iscu ss io n
The only direct indication o f  structural integrity  
in proteins that lack m easurable biological activ ity , 
such as m urein-lipoprotein , consists o f  m onitoring  
their spectral and chem ical properties. Combined  
w ith structural studies, th ey  m ay indicate the  
native conform ation and possible changes thereof. 
M urein-lipoprotein , purified by the procedure o f  
Braun or Inouye and exam ined by circular 
dichroism  m easurem ents, gave an a-helical content 
o f over 80% . I t is known th a t boiling in dodeeyl 
sulphate tends to cause a shift o f  proteins into  
a-helicity  (R eynolds & Tanford, 1070) regardless o f  
their native conform ation (Tanford, 1073). Since 
this m ethod w as originally  used for the purification.
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it could not he excluded  th a t the resulting structure  
w as an a rtifact o f  the preparation rather than  
reflecting th e n a tive  conform ation . For th is reason, 
we d evelop ed  th e new purification procedure, all 
step s  o f  which were known n ot to  affect th e  
fu nction  and structure o f  oth er E .c o li  ou ter  
m em brane proteins such as the porins (G aravito & 
R osenb usch , 1986). W e show  here th a t e llip tic ity  
m easurem en ts w ith  protein prepared by th e m eth od  
applied here g ive  us a high a-helix  con ten t, 
alth ou gh  th is, as poin ted  out, can n ot be used as 
affirm ative ev id en ce . Unlike earlier stu d ies (In ou ye  
et a l., 1976), th e purified lipoprotein  lacked the  
('-term inal lysin e  residue. T he observation  appears  
to  be o f  particular in terest since th is  residue is 
responsib le for the linkage to  the p eptidog lycan  in  
th e  bound form o f  th e lipoprotein . A t present it  is 
not clear w hether th is processing occurs in th e cell 
by th e e.xo- and transpeptides present in th e  
bacterial envelojte as a significan t process in th e  
form ation  o f  a stab le  form o f th is  structure.
In sp ite  o f  th is reserve, our resu lts are in good  
agreem ent w ith  the m odel proposed b y  D e M artini 
el al. (1976) for the overall organization  o f  
lipoprotein  m olecules w ith in th e paracrystal. I t  is 
particu larly  notew orth y  th a t th e sta in in g  pattern s  
one would predict from th e am in o acid sequence for 
cat ionic and an ion ic sta in s  are in good agreem ent 
w ith  a head-to-head association . One difference 
betw een our and their ob servation s is th e  
period icity  o f  the paracrystals. w hich is 20 nm in 
our preparations rather than 22 nm in theirs. T his  
difference does not appear to  be due to  an error in 
m easurem ent, but m ain ly  to th e th ick ness o f  the 
s ta in -exc lu d in g  region (3 nm for our preparation  
against 4-6 nm in theirs), which presum ably  con sists  
o f  lipid and detergen t. T h is could be explain ed by  
th e different d etergen ts used in th e  form ation o f  
paracrysta ls. As we have not observed the 0-42 nm  
acy l chain packing period icity , typ ica l or a b ilaver, 
and w hich would be exp ected  on th e equator o f  the  
e le ctio n  diffraction pattern , it app ears unlikely that 
th e sta in -exc lu d in g  region is a b ilayer as has been  
su ggested . A gap o f  3 nm is indeed too  sm all to  
accom m od ate  tw o pa lm itoy l ch a in s in ex tended  
form in a single b ilayer, bu t could w ell be due to  
in terd ig ita tion  o f  fa t ty  acyl residues and som e  
detergen t.
T he 0-52 nm m eridional arcs found by electron  
diffraction  are a t a spacing typ ica l for coiled-coil 
arran gem en ts o f  a-helices (P au lin g  & Corey, 1953; 
Cohen & H olm es, 1963), as th ey  h ave been found in 
a-keratin  (Suzuki el a l.. 1973). puram yosin (Cohen & 
H olm es. 1963). tropom yosin  (Sodek et al., 1972) and  
bacteriorhodopsin  (H enderson, 1975). T he last, 
exam p le  is o f  particular relevance here as the  
0-52 nm spacing m ay be com ing from a lipid phase. 
A 0 1 5  nm spacing  w ould confirm a protein origin o f  
th e m eridional reflections. Our failure to observe  
th is is lik ely  to  be due to radiation dam age that 
lim its the resolution . T iltin g  has n o t y e t  been 
perform ed and it m ay be that curvature o f  the  
Kwnld sphere w as im p ortant. T he ex ten sion  o f  the
reflection m easured as the w idth o f  h a lf in ten sity  
im plies th at features w ith  th is periodicity are ahout 
20 nm long on average. T h is is con sisten t w ith  the  
reflection being from coiled-coil a-hclices aligned  
within the paracrystal.
T he differences in banding patterns seen with  
cationic (U A c) and an ion ic  (P T A ) sta in in g  are 
sim ilar to those observed for collagen (D oy le  et al., 
1975) and are related to  th e d istr ibu tion  o f  nega tive  
and positive  charges a long th e sequence. T he  
presence o f  a mirror p lane in the pat terns strongly  
suggests th at there is a regular head-to-head , tail- 
to-tail arrangem ent o f  lipoprotein m olecules a long  
the ax is  o f the paracrystal.
A choice ex ists  for th e  num ber o f  a-hclices th at 
m ake up the com plex. T w o m odels have been 
advanced for lipoprotein  on th e basis o f  lieptad  
repeats in its am in o acid sequence. In ou ye (1974) 
proposed a hexam eric form w hile M cLachlan (1978) 
favoured a dim eric coiled-coil structure. Tn 
principle, a triple coiled-coil also seem s possible. 
T he 2 nm stria tion s, w hich w e report in the  
paracrystals show n here, would be com patib le  w ith  
either a double or trip le-helix-stranded  coiled-coil 
(l)ob b , 1966).
Detailed analyses revealed dou ble helix coiled- 
coil in teractions in tropom yosin  (M cLachlan & 
Stew art, 1975), and m yosin  (M cLachlan & Karn. 
1982). W ilson cl al. (1981) described triplet - 
stranded or-helieal co iled -co ils in th e h igh-resolution  
X -rav analysis o f  haem aglutiriin o f  influenza virus, 
which also exh ib its  the lieptad arrangem ent o f  
hydrophobic residues. T hree-stranded ropes had 
been observed earlier in fibrinogen (D o o little  et a l.. 
1978). For the li|>oprotein, a firm d istin ction  
betw een | these a ltern atives  is not possible on the  
basis o f  the diffraction d a ta  obtained w ith dried  
m aterial.
We thank Drs P. Riven and M. Inouye for their
generous gift of the strain used in this work. Professor 
Akira Tsugita for carrying out amino acid analyses, and 
0. Barber for expert secretarial assistance.
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INTRODUCTION
Many bacteria restrict the expression oE Eoreign DNA introduced 
through phage inEection, conjugation or transEormation. At the 
molecular level such host-controlled restriction is the result oE an 
endonuclease activity which cuts Eoreign DNA and a modiEication 
activity which protects the host's DNA against this cleavage.
OE the three types oE restriction-modiEication systems usually 
distinguished the type II systems are the simplest and consist oE two 
separate enzymes, an endonuclease and a methylase which recognize the 
same sequence oE typically 4 to 6 base pairs. The endonucleases cleave 
double stranded DNA at these recognition sites in the presence oE Mg2+ 
ions. Their remarkable speciEicity and its modulation by various 
Eactors make them attractive systems Eor structurally oriented studies 
oE protein nucleic acid interactions (Eor a recent review see Modrich 
and Roberts^).
THE SPECIFICITY OF TYPE II RESTRICTION ENDONUCLEASES
OE the approximately 400 known type II endonucleases only the Eco 
RI enzyme has been studied in great detail. Quantitative data on its 
accuracy under normal buEEer conditions have recently been measured by 
Pingoud and Alves2 . They Eind that the canonical site (-GAATTC-) is 
attacked 3000 and 9000 times Easter than the two most labile non- 
canonical sites which are present on the DNA Eragments used in their 
studies. In the presence oE spermidine cleavage at non-canonical sites 
becomes even slower^. The opposite trend, i.e. enhanced cleavage at 
non-canonical sites, is observed under non-optimal buEEer 
conditions'*^. These so-called * conditions are high pH, low ionic 
strength, the presence oE polar organic solvents or the replacement o£ 
Mg2+ by Mn2+. Together this means that the accuracy oE Eco RI endo­
nuclease, expressed as the relative cleavage rate at the canonical site 
versus that at the most labile non-canonical site(s), ranges Erom 10 to 
100 under * conditions to 10^ or more under optimal conditions. 
Qualitatively similar observations have been made with most type II 
endonucleases so Ear e x a m i n e d ^ .  Understanding the structural basis oE 
this remarkable speciEicity requires the determination oE the three­
345
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dimensional structures of enzyme DNA complexes. Such complexes with DNA 
carrying a canonical site (cognate DNA) can only be studied in the 
absence of Mg2+. it is thereEore important that binding studies®'^ have 
shown a strong preEerence Eor canonical sites in the absence oE Mg2+ 
meaning that the Eormation oE speciEic interactions is not dependent on 
the presence oE Mg2+. First results oE the crystal structure analysis 
oE a complex between Eco RI endonuclease and a tridecameric DNA frag- 
ment have been reported by Frederick et al.®. Although the protein DNA 
interEace has not yet been analysed in detail major deviations o£ the 
DNA Eragment Erom a B-DNA like conEormation are observed. This raises 
interesting questions such as whether bound non-cognate DNA Eragments 
are similarly or less distorted or wether the enzyme undergoes large 
conEormational changes too. In addition to the structure oE a complex 
with cognate DNA one therefore also needs to know the structure oE the 
Eree enzyme and that oE a complex with non-cognate DNA. In the Eollow- 
ing account oE our work with Eco RV endonuclease and small DNA Erag­
ments we show that this system is well suited to provide such inform- 
ation in the near Euture.
STRUCTURAL STUDIES OF ECO RV ENDONUCLEASE AND OF ITS COMPLEXES 
WITH DNA FRAGMENTS
Eco RV endonuclease, a dimeric enzyme oE 2 x 29000 dalton, cleaves 
double stranded DNA at the sequence 5'-GAT/ATC and produces blunt ended 
fragments^*1®. Its DNA derived amino acid sequence (245 residues) shows 
no significant homology to that oE Eco RI endonucleaseH and the same 
holds true Eor the two corresponding methylases. Large amounts o£ pure 
RV endonuclease have become available through the construction oE an 
inducible overproducing strain!2 and have made it possible to grow cry­
stals oE the enzyme and of its complexes with various short DNA Erag­
ments .
Studies by X-ray Crystallography
Four crystal Eorms oE Eco RV endonuclease have been obtained by 
precipitation with polyethylene glycol 4000^® two oE which difEract to 
about 2 ft resolution. They both have space group P2^2^2i with one dimer 
in the asymmetric unit and show similar cell dimensions of 58.2 (59.9), 
71.7 (74.5) and 130.6 (121.8) ft Eor a, b and c of crystal form A and 
(B) respectively. Complexes of the enzyme with short self-complementary 
oligonucleotides were crystallized under rather similar conditions. 
Those with cognate DNA had to be crystallized in the absence of Mg2+ to 
prevent cleavage. Careful characterization of washed redissolved cocry­
stals by UV absorption and HPLC showed the presence of 1:1 complexes
(1 RV dimer per DNA double strand) and no cleavage of the DNA frag­
ments. Crystallographic parameters of these cocrystals are given in 
Table 1 (full details of their growth and characterization will be
given elsewhere!-4). As can be seen structure determinations appear 
feasible for both types of complexes.
Thus far our efforts have concentrated on determining the struc­
ture of the Eree enzyme partly since we hope to be able to use
molecular replacement methods toQsolve the structures o£ its complexes 
with DNA Eragments. Data to 2.5 A resolution were collected for native 
and Pb-derivative form A crystals by the oscillation method using 
synchrotron radiation at the EMBL outstation at DESY in Hamburg. The 
films were processed using A. Wonacott's film processing system MOSCO 
and good merging R-factors of 0.055 arid 0.075 for native and derivative 




Crystallographic parameters oE complexes oE Eco RV endonuclease with 
selE complementary deoxy-oligonucleotides























59.7 77.1 367.0 2.7
thick
plates
I-3a CCGATATGGC n.d. 54 64 -160 3.0 very thin 
platelets
II-l CGAATTCG 1222 84.0 146.1 74.0 3.2-4.0 plates
II-2 CGAATTCG C222i 84.0 127.3 74.0 3.2-4.0 plates
11-3 CGAATTCG 92\2\2\ 90.3 61.7 251.3 4.5 prisms






a) These crystals were only investigated by electron microscopy and 
the c-periodicity has been estimated by tilting experiments.
Two major Pb sites, already identiEied in a 6 8 resolution difEerence 
Patterson synthesis calculated with diEEractometer data, were reEined 
using centric terms only. A low resolution diEEractometer data set was 
also collected Eor a Au(CN)^-derivative which could not be used Eor 
phasing beyond 6 8 resolution but proved very helpEul to determine the 
position and orientation oE the noncrystallographic twoEold and the 
correct enantiomorph. Molecular replacement techniques as described by 
BricognelS were used to produce electron density maps at 6 and 2.5 A 
resolution. Initial best phases were derived Erom the isomorphous 
diEEerences oE the Au- (to 6 8 only) and the isomorphous and anomalous 
diEEerences oE the Pb-derivative. The molecular envelope traced in the 
Eirst averaged 6 8 map was updated aEter a Eew cycles at low resolution 
and used without Eurther change at higher resolution. Figure 1 shows a 
Eew sections oE the Einal unaveraged 2.5 8 electron density map 
obtained aEter 10 cycles oE molecular replacement. Two a-helices oE 
4 to 5 turns related by the molecular twoEold are clearly recognizable 
but show poorly deEined side chain density. Altogether the map has 
proved diEEicult to interprete and no chain tracing has yet been 
achieved. DiEEerent ways to improve the map are currently underway. 
Apart Erom continuing the search Eor more derivatives we are trying to 
extend the molecular replacement to crystal Eorm B Eor which a 2.5 8 
data set has been collected and processed. As the initial heavy atom 
phases might be rather poor beyond 3 8 resolution the procedure is also
347
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being repeated at somewhat lower resolution. Position and orientation 
of the molecular twofold were derived from the refined coordinates of 
the two sets of major sites occupied in the two derivatives. Although 
they appear well determined, - the two heavy atom-heavy atom vectors 
are almost at right angles and are about 22 8 apart along the two 
fold we cannot exclude that they are somewhat in error.
Fiq. I 2.5 8 electron density map
Eight sections spaced at 1 8 of the final unaveraged 
density map are shown. The view down the noncrystallogra­
phic twofold axis shows 2 symmetry related a-helices 
lying approximately in the plane and forming part of the 
dimer contact near the twofold in the center. The mole­
cular boundary is indicated (- - - ) and the bar repre­
sents 10 A.
The presumed twofold symmetry of RV endonuclease DNA complexes 
leaves only few possibilities to dock a DNA fragment onto the protein. 
A balsa wood model of the dimer derived from the 6 8 electron density 
map and a simple wire model of the backbone of double stranded B-form 
DNA were used for this purpose. Only the arrangement illustrated in 
Fig. 2 satisfied a number of properties that such a complex is expected 
to have. The RV dimer as shown in this side view is about 60 by 60 8 
across and 30 to 35 8 deep (see Fig. 5b for a view down the twofold). 
The bottom part of the molecule forms a tight dimer contact but its 
pointed end does not show any complementarity to DNA. At the top the 
dimer splits into two lobes leaving a depression around the twofold 
axis. The crude DNA model fits quite well into this depression when the 
major groove faces the protein. At the same time the two scissile phos- 
phodiester bonds are in reasonable proximity to protein density. 
Contacts with the sugar phosphate backbone would be almost exclusively 
on the 3' side of the scissile bond and could extend over 4 to 5 back 
bone moieties on each side (see Fig. 5b). Although we believe that this
348
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overall arrangement is correct, conformational changes of the DNA and 
of the protein could yield a much tighter complex in which the two 
lobes might have moved more into the major groove. These questions can 
only be answered by solving the structures of the complexes with DNA 
fragments. For the cocrystals with the decamer GGGATATCCC a 3 8 data 
set has been collected and processed and we hope to solve its structure 
soon after that of the native enzyme.
2
%
Fig. 2 Balsa wood model derived from 6 X map
A side view of an Eco RV dimer is shown. A possible 
binding mode of DNA is illustrated by a wire model of a 
E-form double helix about 14 base pairs long. The 
scissile phosphodiester bonds (marked P) are near density 
protrusions at the top of the molecule. The bar repre­
sents 20 A.
Studies by Electron Microscopy
The first cocrystallization attempts carried out with the cognate 
DNA decamer CCGATATCGG yielded crystalline platelets too thin to be 
studied by X-rays but very suitable for imaging in the electron micro­
scope. Electron diffraction patterns of frozen hydrated or glucose 
dried cocrystal specimens extended to 3 8 resolution (Fig. 3). The hkO 
projection shown has almost perfect p2gg plane group symmetry but many 
specimens show violations of the absencies along b*.
Fig. 3 (left) Electron diffraction of Eco RV-CCGATATCGG
cocrystals
Thin cocrystals dried in glucose yield diffraction 
patterns extending to about 3 ft resolution. The bar 
indicates 0.2 ft' 1.
Fig. 4 (right) Electron diffraction of Eco RV-CGAATTCG
cocrystals
Thin cocrystals with this non- cognate DNA octamer dried 
in glucose yield only poor diffraction patterns (hidden 
in the central black area due to overexposure) but show 
faint arcs at about 3.4 ft resolution centered at about 
+/- 20° from a*. The bar indicates 0.2 ft~l.
We believe that a unit cell translation along c, estimated to be 140
to 160 ft from tilting experiments, comprises two molecular layers which 
are related by a twofold screw axis along b. Thin crystals with an odd
number of layers would then not show strict absencies along b * . A two-
dimensional image reconstruction from negatively stained specimens 
showed rather featureless, ellipsoidal density peaks. The double layer 
structure causes overlap in this projection and we have not yet 
unambiguously resolved the molecular packing. These crystals appear 
very suitable to develop methods of three-dimensional image 
reconstruction from unstained specimens of multilayered crystals.
Crystalline platelets of the complex with the non-cognate DNA 
octamer GGAATTCC were examined by X-ray diffraction and electron micro­
scopy. They proved much more fragile and diffraction patterns from 
glucose dried specimens extended at best to about 6 A resolution. 
Negatively stained specimens of multilayered crystals show c2mm plane 
group symmetry but single layers with p2gg symmetry could be generated 
by diluting the crystal mother liquor prior to staining. Fig. 5a shows 
the result of a two dimensional image reconstruction from such single 
layers. The molecules are well resolved and the projected density 
suggests that we are looking down the molecular twofold axis. This was 
confirmed by a subsequent three-dimensional reconstruction which 
yielded molecular dimensions very comparable to those obtained in the 
X ray analysis. Due to the low resolution of about 30 ft of this 
reconstruction no detailed features could be compared and no density 
was seen where DNA is expected to be bound. This could be due to 
positive staining of the nucleic acid but also due to loss of the DNA 
on dilution of the mother liquor needed to generate single layers.
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Since the DNA can hardly be involved in intra- layer contacts this 
appears easily possible. Some information on the orientation of the DNA 
in these cocrystals could however be derived from the diffraction of 
multilayered crystals dried in glucose. As shown in Fig. 4 faint arcs 
at about 3.4 8 resolution can be seen and they are centered at about 
20° to the a axis of the crystal (the lattice is not visible due to 
overexposure necessary to bring out the arcs). Assuming that these are 
due to the DNA base stacking the helix axis can be chosen at -» or -20° 
from a with respect to a particular dimer. One of these choices gives 
quite good agreement with the orientation derived from model building. 
In both cases the angle between the helix axis and the line connecting 
the centers of the projected monomer densities is around 45°. Analysis 
of the molecular packing in these cocrystals has told us that the space 
group of crystal form 11-2 is 1222 (and not 12^2^2^), that form 
11-3 represents simply a different stacking of the layers along the 
b-axis and will also help the X ray crystallographic analysis.
a b
Orientation of DNA helix axis in RV endonuclease DNA 
complexes.
a) Two-dimensional image reconstruction from single 
layers of negatively stained RV CGAATTCG cocrystals. Two 
RV dimers viewed down the twofold are clearly 
recognizable in one unit cell (no p2gg symmetry has been 
imposed). For one choice of the orientation of the DNA 
helix axis (marked by lines for some of the dimers) good 
agreement is observed to the orientation postulated from 
model building.
b) View down the molecular twofold of the balsa wood 
model of Fig. 2. The long dimension of the projected 
dimer is approximately aligned with the corresponding 
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A new m ethod is described for specim en th ickness determ ination in transm ission electron m icroscopy. This is carried out by 
m arking specim en s with gold particles and analysing the im ages o f  a tilt series by com puter. T he m ethod m akes it possib le  to 
distinguish pop ulation s o f  particles on d ifferent planes and calcu late  the d istance betw een the p lanes with statistical variation. 
We have applied it to carbon film s as test objects and com pared the results w ith those obta ined  by transverse section ing, 
STEM  m ass m easurem ent, optical density  and frequency change o f  a quartz crystal oscillator. W e have then used the m ethod  
for th ickness m easurem ent o f m ultilayered protein crystals and thin section ed  cells.
1. Introduction
The thickness of objects seen in projection in 
the electron m icroscope is a parameter which is 
difficult to obtain directly but which can be of 
som e importance, as for exam ple when attempting  
to establish a three-dim ensional structure. For this 
reason, we have required a reliable method for 
thickness determination o f small protein crystals, 
both for negatively stained multilayers or for sec­
tions cut from three-dimensional crystals.
With the introduction of more quantitative 
m ethods o f electron m icroscopy in cell biology, a 
knowledge of section thickness is important in 
estim ating cell volumes, the efficiency of antibody  
labelling and the accessibility of antigenic sites.
The most reliable and direct method of thick­
ness measurement for very thin objects which has 
been em ployed to date is undoubtedly em bedding  
in plastic, followed by electron m icroscope ob ­
servation of transverse sections [1,2]. Optical den­
sity measurements have also been used to measure 
carbon film thickness [1 .3 -6 ] and generally a lin­
ear relationship between optical density and thick­
ness was found. However, considerable differences 
between the various results indicate that thickness
* Present address: JEO L ( U K)  Ltd.. G rove Park. C olindale.
London N W 9 OJN. U K .
0 3 0 4 -3 9 9 1 /8 4 /5 0 3 .0 0  t  Eilsevier Science Publishers 
(N orth-H olland Physics Publishing Division)
depends on evaporation conditions, and different 
calibrations are required for each set of conditions 
[6,7].
Electron scattering can also be used to de­
termine mass thickness, and hence specimen thick­
ness [8]. This method can be applied successfully  
in bright field transmission electron microscopy 
(TEM ) using a Faraday cage to calibrate the ex­
posure meter reading from the fluorescent screen. 
Below thicknesses of 50 nm the TEM method is 
less reliable [1], and more accurate results can be 
obtained using scanning transmission electron m i­
croscope (STEM ) dark field images. This tech­
nique has been applied in mass determination of 
protein molecules, viruses, filaments, etc. [9]. It is 
equally valid when used to measure thickness and 
can do so to an accuracy of better than 10%.
Finally, specim en thickness can be estimated by 
shadowing with a thin layer of metal from a low, 
fixed angle. Although convenient, this m ethod re­
lies on the presence o f a clear edge along the 
specim en to cast a sharp shadow, which is often  
not the case.
In this paper we describe a new trigonometric 
method using an image tilt series to obtain the 
thickness after marking the specimen surfaces with 
small gold particles. Carbon films have been used 
to test the method and the results compared with 
those obtained by transverse sectioning, electron
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scattering and the change in frequency of a quartz 
crystal oscillator during evaporation. The trigono­
metric method was then applied to negatively 
stained multilayered crystals of cytochrome c re­
ductase and to ultra-thin cryo-sections of Chinese 
ham ster ovary cells which had been air-dried.
The normal procedure for making thin carbon 
films is evaportion from an incandescent arc be­
tween two sharpened  carbon or graphite rods. This 
m ethod is, however, somewhat unpredictable in 
producing films of equal thickness. Thickness is 
of ten  simply deduced by a “ rule of thum b” method 
such as com paring  the colour on filter paper with 
a shaded region or on a white tile around an oil 
d rop. Use of a quartz  crystal monitor inside the 
evaporator  makes the method more quantitative, 
but the large am oun t of heat radiated by the arc 
may disturb the measurem ent of frequency change. 
W e have used a new method which produces little 
heat and gives good results with a quar tz  crystal 
m onitor  (Balzers QSG 201D with a QSK 113 





C arbon  films were produced on mica sheets 
from graphite and carbon rods by the conven­
tional method, and by a new method using carbon 
thread as a source. Balzers supply carbon thread 
to  be used for evaporation within their SEM pre­
paration apparatus. Clean carbon support films 
can be prepared from the thread if it is used in a 
high vacuum evaporator  (T. Arad and K. Leonard, 
unpublished results). We have now adapted  a Ful- 
lam evaporation source to accept a s tandard  1 cm 
length of thread. The ceramic separators normally 
supplied were replaced with shorter ones made out 
of teflon and secured with screws so that the jaws 
are 1 cm apart (fig. 1). To prepare a carbon film, 
the carbon thread was clamped across the jaws 
which were m ounted inside a high vacuum 
evaporator (Edw ards 306) at the required height. 
A removable shield was placed between the thread 
and a freshly cleaved mica sheet. At a vacuum 
better than 1.33 X  10~3 Pa (1.0 X  1 0 ' 5 Torr), the 
thread was outgassed by heating to red heat for a 
few seconds. When the vacuum recovered, the 
shield was removed and an evaporation m ade by 
setting the voltage to 15 V and switching on the 
current.  The thread glowed white hot for about 
one second before breaking.
To allow a com parison to be made between the 
new method and the standard  arc method, carbon 
and graphite rods were also used, evaporation 
being carried out in short bursts.  This kept the 
thermal drift to a minimum and  allowed an a p ­
proximate thickness value to be measured with the 
quartz  crystal oscillator.
Carbon films of  a fixed ratio of thickness were
Fig. 1. The adapted evaporation source is shown together with a roll of carbon thread. A short length o f the thread has been clam ped  
betw een the jaws.
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made by sim ultaneously evaporating onto mica 
sheets positioned at different distances from the 
source.
2.7.2. Protein crystals
Tubes and multilayered crystals of cytochrome 
reductase were prepared as described previously
[10]. They were negatively stained on carbon- 
coated collodion grids with \%  uranyl acetate, air 
dried and surface-coated with gold particles for 
thickness measurement as described below.
2.1.3. Sections
Ultrathin cryosections of glutaraldehyde-fixed  
Chinese hamster ovary cells (kindly supplied by 
Dr. G. Griffiths, EMBL) were collected on 
carbon-coated formvar grids, washed and air dried
[11]. They were then coated on both surfaces with 
gold by evaporation.
2.2. Thickness measurement
All specim ens were measured by the trigono­
metric m ethod. For com parison, carbon films were 
also measured by STEM and by thin sectioning.
2.2.1. The trigonometric method
The specimen surfaces were marked with gold, 
either by evaporation from a heated tungsten wire 
at about 13.3 Pa, at which pressure clusters of 
around 5 nm diameter are produced (a better 
vacuum giving finer particles), or with a solution  
of colloidal gold, again about 5 nm diameter, as 
used for antibody labelling experiments [12].
An area with a good distribution of marker 
particles was imaged at a selected magnification in 
a Philips 400T electron microscope. A tilt series 
normally o f 0 ° ,  ± 2 0 °  and + 4 0 °  was then re­
corded. The method does not require specific an­
gles or that they be in pairs but a number of tilts 
are required to give statistically significant results 
and to refine the tilt parameters if necessary (see 
appendix for the mathematical basis of the 
method).
The sam e area of the specimen on each negative 
was then digitized using an Optronics drum 
densitom eter and the images stored on disk. The 
m agnification and densitom eter raster were chosen
to give a pixel size well within the required resolu­
tion. For exam ple, for carbon films down to 5 nm 
thick a m agnification o f 45000 and a raster size of 
25 /am was used, giving a pixel size of 0.5 nm. 
Images were displayed on a frame-store grey scale 
m onitor and measured interactively using a track­
ball controlled cursor. A hard-copy printout was 
usually m ade at the sam e time to aid in identifying  
the particles on different images. About 50 small 
particles were selected and numbered and their 
x , y  coordinates recorded. Large particles or ag­
gregates were avoided. This procedure was re­
peated for each im age in the tilt series and the 
data set was then analyzed to give a direct m ea­
surement o f the thickness. It was also convenient 
to display the particle positions as two orthogonal 
projections parallel to the fitted planes. In this way 
variations in thickness could be seen directly.
2.2.2. Sectioning
The carbon film s were scored with a needle to 
make 1 mm squares and then floated o ff the mica 
onto water. Formvar coated 2 X 1  mm single-hole 
slot grids were then used as a support and the 
carbon was positioned over the hole in the grid 
and picked up. A second film could be picked up 
onto the sam e grid when direct comparison was 
necessary. A fter em bedding in Araldite and poly­
merisation, the block was m ounted for ultrami­
crotom y and the copper trimmed away with a 
scalpel blade, care being taken not to shear the 
resin surface from the carbon surface. The block  
face, with the carbon film running horizontally, 
was cut on a Reichert Ultratom e O m U3 with a 
diam ond knife. Silver-coloured sections (in the 
range 5 0 -7 0  nm thick) were collected onto the 
sam e coated single-hole grids. These were mounted  
in a rotational holder and observed in a Philips 
400T with + 6 0 °  eucentric goniom eter stage. Be­
cause the bond between resin and carbon was not 
strong, the sections were frequently split, and it 
was necessary to search many sections to find  
intact regions. The sectioned carbon was rotated 
until it was parallel with the tilt axis and then 
tilted until a sharp image of the carbon film was 
seen. Precautions were taken to record images 
close to focus and under conditions for reproduci­
ble m agnification. A Joyce Loebl m icrodensitom e­
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ter 3CS was used to measure the film thickness 
from the micrographs.
2.2.3. S T E M  mass measurement
Carbon  film thicknesses were measured using a 
VG HB5 STEM by the com parative technique 
with TM V  as an internal mass s tandard  as previ­
ously described [9]. In this work measurements 
were made from images recorded in the dark field 
mode, with the annu lar  (elastic) dark field signal 
normalized by the beam current monitored at the 
objective aperture.
Small pieces of carbon film were floated off 
mica on to  a dilute suspension of TMV, then 
washed in distilled water and picked up on 600 
mesh grids. In some cases carbon films of 3 differ­
ent thicknesses which had been evaporated simul­
taneously were m anipulated  together and picked 
up on the same grid. Thickness measurements 
m ade on these multiple layers of carbon films used 
a single layer as background (fig. 2). A series of 
images of each carbon  film, which also contained a 
num ber  of TM V  particles, were recorded and 
s tored on com puter  disk.
To  carry out integration and background sub­
Fig. 2. This show s a typical STEM  dark field im age with 
m ultilayers o f  carbon and unstained TM V particles. Areas 
which have been selected for integration and background sub­
traction are outlined. Scale bar (b ottom  left) represents 250 nm.
traction, images were first redisplayed using a 
grey-scale m onitor  reading from a 512 X  512 pixel 
frame-store interfaced to the com puter  (Nord 10S). 
Areas for measurement were then selected interac­
tively using a m anual cursor and  integration ca r­
ried out as described previously [9]. The mass 
thickness of the carbon films was calculated rela­
tive to the known m ass /leng th  of the TM V  p a r ­
ticles (131,000 D /n m ) .
3. Results
3.1. Carbon film  thickness measurement
3.1.1. Thickness measured by the trigonometric 
method, compared with sectioning and frequency 
change of a quartz crystal monitor
Carbon thread evaporation produced a very 
consistent film thickness. This was measured ini­
tially with a quartz  crystal oscillator positioned 5 
cm from the thread. The mean frequency change 
at this distance was 135 Hz ± 10%. Carbon films 
of varying thickness were then obtained by posi­
tioning mica at different distances from the 
evaporation source. An inverse square law rela­
tionship for carbon  deposition with distance was 
obeyed, as confirmed by placing two crystal oscil­
lators at different distances in the bell ja r  during 
evaporation and by the results of sectioning.
Fig. 3a shows a cross-section of such a carbon 
film. Gold  particles have been evaporated onto  
both surfaces for the trigonometric method of 
thickness determination. In fig. 3b, com puter  p ro ­
jections of the positions of measured particles for 
single and double layers are shown. The particles 
fall on clearly defined parallel planes.
The results of the three thickness estimates for 
several films are summarised in table 1. The thick­
ness value ob ta ined  by tr igonometry represents the 
separation of two planes of gold particles. When 
measurements were made on a single layer it was 
therefore necessary to subtract the effective p a r ­
ticle diameter to obtain the true film thickness. 
This can be determined by com paring  the thick­
ness values obta ined  for single and double layers 
(fig. 3c).
The mean value for the frequency change of the
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Fig. 3. (a) A thin section  o f  a go ld -coated  carbon film  spanning a hole in a form var film . T he carbon film , w hich has a th ickness o f  
12.5 nm , has been  prepared by evaporation  from the thread source at 5 cm. T here is a narrow gap betw een the gold particles and the 
carbon surface w hich m ay be a contam inatin g layer. T he scale bar represents 100 nm. (b ) C om puter-calcu lated  particle d istributions 
for a single layer carbon film  and for a film with tw o th icknesses o f carbon. The vertical scale bar represents 10 nm . (c) Interpretation  
o f film  th ickness from the separation o f  planes o f  markers. In the single layer, the separation o f  the planes is the sum o f  the film  
th ickness and the m ean marker d iam eter is A — D  + d. For a double layer, B = D. T hus d = A -  B, allow ing determ ination  o f the 
e ffective  marker diam eter.
-191-
356 J. Berrim an et ul. /  M ethods fo r  specim en thickness determ ination  in E M
T able 1
Film C hange o f  frequency 
o f quartz crystal 
m onitor  
(H z)
T hickness by the trigonom etric m ethod (nm ) 
Separation o f  p lanes a) Film  th ickness b)
T hicknesses by section ing  
(nm )
S ingle layer thread carbon  
deposited  at 5 cm 138 16.0 ± 0 .3  (A ) 12.0 ± 0 .3 12.5 ± 0 .5
D ou b le  layer thread carbon  
deposited  at 5 cm 138 16.3 ± 0 .3  (A ) 12.3 ± 0 .3 12.5 ± 0 .5
D ou b le  layer thread carbon  
deposited  at 5 cm 138 12.4 ± 0 .4  (B) 12.4 ± 0 .4 12.5 ± 0 .5
S ingle layer thread carbon  
deposited  at 5 cm 125 15.2 ± 0 .4  (A ) 1 1 .2 ± 0 .4 10.0 ± 0 .5
Sin gle  layer thread carbon  
deposited  at 7 cm 63 9.9 ± 0 .5  (A ) 5.9 ± 0 .5 5.0 ± 0 .5
Single layer rod carbon  
deposited  at 7 cm 70 10.6 ± 0 .4  (A ) 6.6 ± 0 .4 6.7 ± 0 .5
a) (A ) and (B ) refer to  fig. 3.
b) A  value o f  4  nm has been subtracted from the plane heights as the effective  marker th ickness.
quartz crystal m onitor from these results was 11 
H z /n m  for carbon thread evaporation.
3.1.2. S T E M  m ass measurement com pared with sec­
tioning
The values o f mass thickness obtained for a 
number o f carbon film s plotted against thickness 
as measured by transverse sectioning (fig. 4) show
a linear relationship, within experimental error. 
The thread carbon m easurements were inter­
m ediate between those for the carbon rod and 
graphite arc values. The slope o f the least-squares 
line fitted to the thread carbon points is a measure 
o f the carbon density and was found to be 1000 
D /n m 3 or 1.7 X  103 k g /m 2. The positive intercept 
for zero thickness may indicate the presence of a 
contam inating layer on the carbon surface.
CARBON THREAD 
CARBON ROD 
*  G R A PH IT E  R 0 0
0 20 m 60 80
THICKNESS Inmf $
Fig. 4. Graph show ing  the variation o f  mass per unit area o f  
several carbon film s (relative  to T M V ) against the th ickness  
m easured by section ing. T he line is a least-squares fit to the 
carbon thread m easurem ents.
3.2. Crystal thickness measurement for cytochrome 
reductase.
Fig. 5 shows a multilayered crystal marked with 
gold by evaporating onto the upper surface only. 
The boxed regions were densitometered and the 
trigonometric m ethod used to analyse the distribu­
tion of gold particles. Those on the top surface of 
the crystal and on  the supporting carbon film (box  
B) fitted to single, parallel planes with a separation 
between the the crystal surface and the supporting 
carbon of 24.2 ± 1 .2  nm. Box A gave only a single 
plane with the particles fitting to within 1 nm.
This crystal has broken at the edges and shows 
steps in density which can be measured with a 
densitom eter to give an estim ate o f the number of 
crystal layers. A ssum ing equal staining throughout 
the crystal, there are in this case four distinguish-
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Fig. 5. A m ulti-layer cytochrom e reductase crystal negatively stained with uranyl acetate and marked with gold by evaporation on  one  
surface. The boxes indicate the areas digitized and the arrow the tilt axis direction. Scale bar represents 250 nm. The corresponding  
com pu ter projections o f the gold particles for the two areas are also shown. Vertical scale bar is 20 nm.
able layers and  thus the height of one layer is 
a b o u t  6 nm.
T o  rule out the possibility that the crystal could 
be partially depressed into the supporting  film, the 
m ethod  was repeated with gold markers on both
surfaces of  the specimen. Fig. 6a shows such an 
image with, in figs. 6b and 6c, the distribution  of 
gold particles calculated for the surfaces. All the 
particles on the carbon film lower surface lie on 
one plane, indicating that the film is essentially 
flat.
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Fig. 6. (a) T his show s the analysed region o f  a negatively stained m ulti-layer cytochrom e reductase crystal m arked on both sides o f the 
grid with gold particles, (b) The com puter projection for the separation o f the markers view ed along the edge o f  the crystal, (c) The 
corresponding view  o f the markers seen at right angles to the edge o f the crystal, (d) A cytochrom e reductase tube negatively stained  
and marked with gold on both surfaces o f the grid, (e) Com puter projection o f markers parallel to the edge o f the tube, (f) Projection  
o f  markers at right angles to the edge o f the tube. The scale bars on the micrographs represent 100 nm and the arrows indicate the tilt 
axis direction. The vertical scale bars on the com puter projection represent 20 nm.
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Fig. 6d shows a crystalline tube which has dried 
down on to the support film to give two overlap­
ping single crystalline layers which are not in 
register. The com puter-calculated distribution of 
gold particles projected onto lines parallel to the 
tube surface (fig. 6e) has one step for the carbon 
and a second larger step, measuring 13.0 +  0.5 nm, 
for the tube, or about 6.5 nm for one layer.
The thickness results for several crystals are 
presented as a graph (fig. 7) with the best fit for 
the number o f unit cells. The measured thickness 
increment is about 13.5 nm, but the results for the 
tube, where two layers must be present, and for 
crystals where the number o f layers can be esti­
mated (e.g. fig. 5) suggest that the single layer 
increment is only 6.7 nm.
3.3. Thickness o f cryo-sections
Figs. 8a and 8b show cryo-sections of Chinese 
hamster ovary cells which have been marked with 
gold particles on both surfaces. These sections are 
not embedded in a surrounding medium, the frozen 
sucrose solution in which they were cut having 
been washed away. They thus lie isolated on the 
supporting film.
For this type o f specimen, the plane heights 
show clearly that the sections have depressed the 
supporting film. In fig. 8a the thickness of the 
section is 27.4 nm and the film thickness is 11.2 
nm; in fig. 8b the section thickness is 29.5 nm and 
the supporting film 11.3 nm.
<  30
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Fig. 7. G raph o f  crystal th ickness p lotted  against number of 
layers. T he abscissa represents m ultiples o f a single layer 
th ickness o f  6.7 nm  w hich gave the best least-squares fit to the 
crystal and tube th ickness values.
4. Discussion
Preparation o f carbon films using the carbon 
thread method was found to be both consistent 
and reliable. With the evaporation source de­
scribed here films of any thickness up to 14 nm 
can be made by placing the mica substrate at an 
appropriate distance from the thread. The quartz 
crystal oscillator thickness m onitor can then be 
relied on to give a good indication of carbon film  
thickness, taking the change o f frequency as a 
direct reading o f thickness.
Measurement o f mass thickness in the STEM  
also confirms the consistency o f this method of 
film preparation, giving a measured carbon film  
density of 1.7 X  103 k g /m 3. Compared with carbon 
thread, films prepared by arc evaporation from  
carbon rods have slightly lower density, and those 
from graphite rods slightly higher. These results 
reflect the densities o f bulk material which are 
lower (1.8 to 2.1) for amorphous carbon than for 
graphite (1.9 to 2.3). The slightly lower value of 1.7 
which we obtain probably reflects a loose packing 
of the films. D iffering amounts o f graphite in films 
prepared from different sources has also been cited 
[6] as the reason for discrepancy between the 
reported optical m ethods for determining carbon 
film thickness.
The graph for mass thickness against thickness, 
showing a sm all finite value of 500 D /n m 2 for 
zero thickness, indicates the presence of an extra 
com ponent contributing to the total electron  
scattering. Very thin additional layers can 
sometim es be seen in transverse sections o f films 
(e.g. fig. 3a), and these may be a contam inant 
deposited on the mica before carbon evaporation  
or on the carbon film during the later stages of 
sample preparation. Such a layer is likely to be 
present on film s exposed to a normal laboratory 
atmosphere.
In measuring thin carbon films by photom etric 
absorption, two other groups report that there is a 
linear relationship between thickness and optical 
density, where T  — O D  X  100 in nm [1,3]. W hen 
tested with our films made by thread evaporation, 
this simple rule was in excellent agreement with 
the measured thickness and could form the basis 
of a method for thickness calibration of carbon
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Fig. 8. (a) and (d ) show  sections o f C hinese ham ster ovary cells marked with gold bv evaporation. The boxes indicate the areas 
digitised and the arrows the tilt axes. The sam e convention as fig. 6 has been used to show  the analysis o f the marker plane heights. 
T he position o f  the section  relative to the supporting film is shown by the broken lines. The scale bars on the m icrographs represent 
2.5 p. m, and on  the com puter projections the vertical scale bars represent 20 nm.
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films in the thickness range 1 -2 0  nm.
It is interesting to note that a carbon film which 
is clearly visible as a faint brown layer when 
deposited on filter paper is in fact only about 2 nm 
thick as measured by the m ethods described here. 
Under good conditions -  correct illumination o f a 
water container with a non-reflecting base -  it is 
also possible to see such a film floating on a water 
surface. Furthermore, it proves to be strong enough  
to be self-supporting when picked up on a fine 
(600) mesh grid.
The values obtained for cytochrom e reductase 
membrane crystals, giving a thickness o f about 6.7 
nm for the stacking repeat, are significantly less 
than those found from three-dimensional recon­
struction o f single layers. This was originally re­
ported to be to be 15 nm [13], but re-calculation of  
the three-dim ensional data now indicates a value 
of about 10 nm for well stained specimens, or 
about 8 nm for weakly stained specimens such as 
those observed here.
In an attem pt to corroborate this low value for 
the m onolayer thickness, we have also used the 
method o f measuring Laue zones [14] in the opti­
cal diffraction patterns o f tilted multilayer crystals. 
Preliminary results suggest that under low dose 
conditions (less than 400 e ' / n m 2) the crystal 
thickness periodicity is about 12 nm and that this 
contracts to about 6 nm after a higher electron 
dose (about 1000 e ' / n m 2), equivalent to that re­
quired to record a normal exposure. The tilt series 
thus measures the thickness of a fully irradiated 
object.
“ Height loss” as first a precursor, then a part of 
mass loss, has been reported for unstained, freeze- 
dried sam ples [15] and in stained catalase crystals
[2], These results serve to re-em phasise the prob­
lem of determ ining detail in the Z  direction in 
three-dim ensional structures calculated from tilted 
images.
Determ ination of the thickness of cryo-sections 
was carried out in order to estim ate changes in 
thickness during preparation. A surprising result 
was the finding that the sections had apparently 
sunk into the supporting film. We did not find this 
with cytochrom e reductase crystals even for 
crystals m ore than 50 nm in thickness. A possible 
conclusion from this result is that carbon-form var
films are much more plastic that carbon-collod ion  
films and deform either on drying or from surface 
tension effects. Alternatively, radiation damage 
may cause preferential mass loss from the formvar 
which introduces shrinkage in the film, pulling the 
sections down into the film plane. This phenom e­
non, termed “ wrapping”, has been described pre­
viously [16] but has not been correlated with the 
supporting film. Our results suggest that “ wrap­
ping” occurs when form var-carbon support films 
are used. Other work which has shown this phe­
nomenon directly [2,17] has also been carried out 
with form var-carbon grids.
5. Conclusion
The results for carbon films show that triangu­
lation is an accurate m ethod for determining speci­
men thickness in the electron m icroscope. The 
correlation between thicknesses measured by tri­
angulation and by sectioning is excellent, and if 
sufficient num bers o f  particles and tilted im ages 
are used the error will be small. Only when the 
thickness to be measured becom es less than the 
average particle size (i.e., in this work, less than 5 
nm) does the error becom e significant.
Appendix (by R.K. Bryan)
Calculation o f three-dimensional coordinates o f  
points from  their projections
Each tilt o f the series provides the two-dim en­
sional projected coordinates o f the gold particles. 
From these data we wish to calculate the three-di­
mensional coordinates, and then to interpret these 
positions in terms of particles lying on the surfaces 
of the specimen. The two-dim ensional coordinates 
y  , of point p  on tilt t, are related to its three-di­
mensional coordinates x p, by
yP< = p,xP-c „ (i)
where Pt is a projection matrix and c, an origin  
shift. Pt depends on four parameters: three to 
define the orientation of the projections, and a 
fourth for the m agnification o f the image (relative,
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say, to the zero tilt as a standard). The three angles 
defining the orientation can be conveniently taken 
as the tilt axis direction 8 , which is common to all 
the tilts: <£,, the angle o f tilt; and \pt , a final 
rotation o f the im age [18]. We denote the m agnifi­
cation by m n and to define the overall coordinate 
system , take m, =  1, < £ ,= » //,=  0. P, can be con ­
structed from rotations about the coordinate axes 
as
" A R M . ) * l i e )  R M . )  RA-6), (2)
where /?,•(«) represents a clockwise rotation 
through an angle a  about the / th axis, and P, 
projects down the z-axis. We shall assume in the 
first instance that each point p  appears in every 
tilt.
In principle, on ly two tilts suffice for the calcu­
lation o f the particle coordinates, if the tilt param­
eters are known accurately. However, while the tilt 
angles and m agnification are usually fairly pre­
cisely known, the tilt axis direction and image 
rotation are dependent on, for exam ple, the orien­
tation of the film in the scanner, and so are only 
known approximately. Accordingly, they also need 
to be calculated from the measured particle coor­
dinates, in which errors can also arise, principally 
from the lim ited resolution of the digitised image 
(accurate to 1 pixel) and from m istakes in identify­
ing the corresponding particle on the various tilts. 
Therefore, in practice, more than two tilts are 
required, as a cross-check on the accuracy o f the 
tilt parameters and the measured particle coordi­
nates. A least-squares solution is found, and incor­
rectly measured points or inaccurate tilt parame­
ters can be identified by the resulting large residu­
als, and elim inated or refined respectively.




The solution occurs when the derivatives of F  are 
zero. D ifferentiating with respect to c, and x p and 
equating to zero gives
p,Y*xP ~ Nc, - Y.yP, = o,
p p
Y , p 7 { P , x p -  C, - y p , )  =  o.
(4)
(5)
Eq. (4) shows that c, is simply the offset between 
the projection o f the centre of mass of the points 
and the centre o f mass on the projection. If we 
take all coordinates relative to the centre of mass, 
we can elim inate c, entirely. Eq. (5) then gives
(6)
for x* , the solution for x , given that the tilt 
parameters are known, and is the usual form of 
solution for a linear least-squares problem. Sub­
stituting this into the expression for F, eq. (3), we 
obtain
F - I L
pi
\ p ? y p,~yP,
which is in terms o f the tilt parameters only. This 
is now a nonlinear least-squares problem, which 
we solve iteratively by using the G au ss-N ew ton  
approximation to the Hessian matrix and the 
Levenberg-M arquardt m ethod to limit the step 
size at each iteration [19].
The expressions for the derivatives of F  and the 
Hessian matrix are given by the following: Let 
/ ,  =  P,x*  — y  and a, P  represent any two of the 
parameters 8, <j>n \pn m r  Then
8 P. 9*:9-^ _  y  /T d/pf _  y .  -T 
8a L 'Jp' 8a L 'Jp‘pt  pt
L ' Jp‘ 8a  p ’pI
(using eq. (5)), and





8 l F  




8 p , 9 * ;
8 a dp





The term involving d 2P ,/d p d a  is ignored in the 
G au ss-N ew ton  approxim ation. D ifferentiating eq. 
(6), we obtain
9a - E W  E
3e;
da
9 P '  _ 9 P.
— —P  +  P T— - 
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and we can sim plify (8) to
d2^  =  y  ^£lx *
d p d a  p dfi da  p
d x * T t \ dx*
3« [ ^ P' (10)
The derivatives of P, can easily be evaluated from  
their defenition, eq. (2). N ote that the dim ensional­
ity o f this problem is equal to the number of 
parameters defining the tilts. This is very much 
less than the total number o f unknowns, which 
also includes all the three-dim ensional point coor­
dinates. If som e o f the tilt parameters are fixed  
(e.g. m agnifications all the same) then they disap­
pear entirely from these equations.
The covariance matrix o f the solution is esti­
mated in the usual way, by a linear approximation  
at the solution. Assum ing equal errors in the data 
p o in t s ^ ,,  their variance is given by
I F
s 2 =  m m
A'd —  ’
(ID
where Nd is the number o f data points =  2 x N, X 
N  and Ne is the number o f parameters estimated:
Ne =  2 X  Nt (centre of mass)
+  1 (axis direction)
+  3XJV, (tilt angles)
+  3 X  N  (three-dimensional coordinates).
The errors in the solution can then be estim ated as
c o v ( x p ) =  s 2x l ' Z p7 pi
var(c') = Tr^
p





where X  =  dfpl/ d a , and a  is the vector of tilt 
parameters.
We have usually found sufficient points appear­
ing on every tilt to give reliable results. However, 
it is also possible to solve the problem when som e 
points are missing on som e tilts (usually the high-
angle ones). The offsets c, cannot then be 
elim inated at the start o f the calculation, and have 
to be included in the least-squares calculation with 
the x p and tilt angles. The resulting equations are 
more extensive than those above, and will not be 
reproduced here.
Finally, we wish to find the positions of a set o f  
parallel planes which contain the calculated posi­
tions of the points. The procedure is first to try to 
fit one plane through all the points. The distances 
of the points from the plane give an indication of 
how they should be grouped into sets, each of 
which lies in a single plane. The number o f planes 
is increased until the residual distances are suffi­
ciently small.
Suppose the points are in N  sets, such that 
{ x pk: p  =  1 ,...,jV * } , k  =  1 , . . . , A  are the N k points 
on plane k.  The set o f parallel planes are repre­
sented as
(15)
and the least-squares fit is given by the minimum
of
G==JL ( x Pk ' a - h k) . Ifll= !•
pk
D ifferentiation with respect to h k gives




(18)>tk'‘ j f a -Y.Xpk’
hence
G =  Y . y x pk' a -~ jyk a - l l x qk ) =  a ■ B • a , (19) 
where
Clearly the minimum of G is achieved when a is 
the (unit) eigenvector of the matrix-2? with least 
eigenvalue. W hen the resulting minimum value of
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G is sufficiently small, we assume that the points 
have been divided into enough plane sets. A l­
though the process o f d ividing the points into sets 
could be autom ated, in this application the num­
ber of planes is only 2 or 3, so that it is more 
convenient and reliable to group the points by 
hand, particularly when the populations are offset 
in x - y  from each other. The differences between 
the hk give the required thickness measurements in 
terms o f pixels. The normal vector a indicates the 
relation of the plane o f the film to the nominal 
zero tilt position.
References
[1] R.C. Moretz, H.M. Johnson and D.F. Parsons, J. Appl. 
Phys. 39 (1968) 5421.
[2] J.-C. Jesior, E M B O  J. 1 (1982) 1423.
[3] A.W. Agar, Brit. J. Appl. Phys. 8 (1957) 35.
f4] K. von Graf, Optik 18 (1961) 120.
[5] J. de Boer and G.J. Brakenhoff, J. Ultrastruci. Res. 49 
(1974) 224.
[6] A. Cosslett and V.E. Cosslett, Brit. J. Appl. Phys. 8 (1957) 
374.
[7] B. Kwiecinska and E. Scott, J. Microscopy 109 (1977) 289.
[8] E. Zeitler and G.F. Bahr, J. Appl. Phys. 33 (1962) 847.
[9] R. Freeman and K.R. Leonard, J. Microscopy 122 (1981) 
275.
[10J S. Hovmdller, M. Slaughter, J. Berriman, B. Karlsson, H. 
Weiss and K. Leonard, J. Mol. Biol. 165 (1983) 401.
[11] G. Griffiths, A. Me Dowall, R. Back and J. Dubochet, in 
preparation.
[12] J. Roth, The Colloidal Gold Marker System for Light 
Electron Microscopic Cytochemistry, in: Techniques in 
Immunocytochemistry, Vol. II (Academic Press 1983) pp. 
218-284.
[13] K. Leonard, P. Wingfield, T. Arad and H. Weiss, J. Mol. 
Biol. 149 (1981) 259.
[14] D.L. Dorset and D.F. Parsons, Acta Cryst. A31 (1975) 
21 0 .
[15] A. Engel, W. Baumeister and W.O. Saxton, Proc. Nall. 
Acad. Sci. USA 79 (1982) 4050.
[16] E. Kellenberger, M. Haner and M. Wurtz, Ultramicros­
copy 9 (1982) 139.
[17] J.-C. Jesior, Ultramicroscopy 8 (1982) 379.
[18] H. Goldstein, Classical Mechanics (Addison-Wesley, 1950) 
p. 107.
[19] D.W. Marquardt, SIAM J. Appl. Math. 11 (1963) 431.
- 2 0 0 -
Ultramicroscopy 19 (1986) 349-366 
North-Hoi I anti. Amsterdam
349
M ETHODS FOR SPECIMEN THICKNESS DETERMINATION IN ELECTRON 
MICROSCOPY  
II. Changes in thickness with dose *
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European M olecu lar Biology• Laboratory (E M B L ), Postfach  10.2209, M eyerho fstrasse  I, D -6900  H eidelberg, 
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T he electron d iffraction  patterns o f lilted  thin crystals were used to  determ ine the unit cell size in the direction normal to 
the supporting film . T he m ethod revealed a considerab le dose-d ep en d en t th inning or shrinkage. U sin g  a variety o f  specim ens 
and stains, w e found that this am ounted to a 50% reduction in volum e and could  be attributable to tw o causes. Firstly, the 
specim en is held to the supporting film so that volum e changes can on ly  occur through changes in th ickness. Secondly, the 
decrease in volum e is associated with a dose-induced mass loss which is greatly suppressed at liquid nitrogen tem peratures.
1. Introduction
Radiation dam age in the electron m icroscope is 
a subject o f wide interest and of particular con­
cern to those investigating the ultrastructure of 
polymers and biological m acromolecules [1,2]. The 
application of low or m inim um -dose techniques
[3] has improved image resolution and made 
molecular (unstained) imaging possible [4], Inves­
tigations o f unstained specim ens in water [5], glu­
cose [4] and at low temperature [6] have con­
centrated on periodic arrays either in two or three 
dim ensions. This has stim ulated the use of elec­
tron diffraction which, because of its quantitative 
nature, allows assessm ent of specimen preserva­
tion with respect to preparation and radiation 
dam age [7], Thin protein crystals pose special 
problem s in interpreting their diffraction patterns 
because of the small number o f unit cells present 
across the crystal thickness. This problem was 
theoretically treated by M. von Laue [8] and is of
* Part I: Ullramicroscopv 13 (1984) 351.
** Present address: University of Bath, E M  C entre. C'laverton
Down, Bath BA2 7AY. UK.
particular relevance to the analysis o f electron 
diffraction patterns [9].
Proteins often produce crystals too small for 
X-ray crystallography. With platelet-type micro­
crystals. electron diffraction patterns can give 0.3 
nm or better resolution [4]. The developm ent of 
electron crystallography would be of interest to 
those investigating biological structures and should 
com plem ent X-ray analysis and low resolution 
electron microscopy.
In our earlier paper [10] we found a reduction 
in crystal unit cell size normal to the supporting 
film. This we attributed to a change caused by 
electron damage. Here we extend and develop an 
investigation into this phenom enon and describe 
concepts necessary to understand the three-dim en­
sional nature of thin protein crystals. In this paper 
we will use c to refer to the unit cell dim ension  
normal to the supporting film.
2. Materials and instruments
EcoRV restriction enzym e-D N A  oligonucleo­
tide crystals were made according to Winkler et al.
0304-3991 /8 6 /S 0 3 .5 0  <- Elsevier Science Publishers B.V. 
(North-H olland Physics Publishing Division)
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[11]. catalase crystals by the method of Dorset and 
Parsons [5] and yolk platelet crystals from Pelvi- 
cachromis [12] kindly supplied by the late Dr. 
R.N. Lange. Single particles used were ferritin, 
apoferritin and glutam ine synthetase, all supplied 
by Sigma, washed and diluted into physiological 
saline (0.9% NaCl).
Specimens were stained with aqueous solutions 
of 1%. uranyl acetate, uranyl formate, barium  
acetate and phosphotungstic acid.
The microscopes used were a Philips 400T and 
400. both with ± 6 0 °  goniom eter stages. The 400 
was adapted for low temperature work using an 
improved blade-type anticontam ination device [13] 
and a liquid nitrogen cooling holder (Philips type 
PW6591). M agnification and electron diffraction  
camera lengths were standardized against catalase 
[14] and cross-checked in diffraction with thallous 
chloride powder patterns.
Fig. 1. A tw o-d im ensional array o f  po in ts representing a real 
space square lattice w ith a  =  b. A s a reciprocal lattice the axes  
becom e a *  and b*  and the zero order or origin is show n  
marked as 0.
3. M ethods
3.1. The determination o f c for thin crystals, the unit 
cell dimension normal to the supporting film
Two methods were used to determine this spac­
ing. both relying on the change in electron diffrac­
tion patterns on tilting the crystals.
3.1.1. Goniometric measurements
Fig. 1 shows a square lattice o f points. This can 
be taken as a small part o f a real lattice where the 
points represent centres o f repeating m otifs in a 
two-dim ensional array. The points can also be 
considered to represent the reciprocal lattice or 
diffraction pattern o f the real lattice. The central 
point then becom es the origin or zero order o f the 
diffraction pattern. In fig. 2 the real (or reciprocal) 
lattice has been extended to three dim ensions, 
taking the sim plest exam ple o f a cubic lattice. 
Taking it to be a reciprocal lattice, the origin has 
been placed at the bottom  left and two orders in 
a* , h* and c * are shown. When the diffraction  
plane is normal to c*  (i.e., the case for an untilted 
specim en) the square diffraction pattern or hkO 
projection is obtained (fig. 1). The dim ensions a * 
and h* can be measured after calibration of the
diffraction camera length with a com pound o f  
known lattice spacing. If the crystal is tilted with 
respect to the incident beam (the arrow in fig. 2) 
diffraction will be seen only at those points in the 
three-dim ensional reciprocal lattice which inter­
sect a central plane, normal to the incident beam. 
The tilt axis is parallel to the lines of the intersect­
ing plane shown and. in this case, is shown at right 
angles to the diagonal between a* and b*. The 
crystal (rather than the beam as shown) is rotated 
about the tilt axis, so that the center of the 110 
reflection is lost (centre spot in the bottom  plane 
of nine spots) and the 111 reflection found (centre 
spot in the intersecting plane). The tilt angle is 
then recorded and c is determined trigonometri­
cally. The disadvantage o f this m ethod, over the 
Laue zone method (see below), is that electron  
irradiation of the specimen is unavoidable during 
the “ trial and error” procedure of adjusting the 
tilt angle to bring in the reflections.
3.1.2. Laue zone measurements
As described above, a three-dimensional crystal 
with many unit cells in each of the lattice direc­
tions gives rise to a reciprocal lattice consisting of 
discrete reflections. For very thin crystals, there is 
an effect o f crystal shape on the diffraction pat-
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Fig. 2. A stereo pair o f  a three-d im ensional cubic lattice o f points. A s a reciprocal lattice those poin ts w hich are on  a plane which is 
norm al to the incidence o f  illum ination  (arrow) and which passes through the origin (b ottom  left) appear in the d iffraction pattern  
(circles). In this exam ple the lilt axis is at right angles to  the diagonal o f the unit cell a and b  d im ensions. H ere c  can be determ ined  
by m easuring the 110 spacing (central p o in t in the bottom  plane) and the angle o f  till needed to bring the 111 reflection  (central point 
in the m iddle p lane) in to  the d iffracting condition . W ith 8 =  tilt angle and x  =  110 spacing, c  =  x / ( t a n  8 ).
a
Fig. 3. This show s the 010 projections (dow n the b  axis) o f 
crystals w hich are one unit cell thick (a) and a few unit cells 
thick (b) along c. 0 marks the origin or zero order. In (a) the 
diffraction  in ten sities are con tin u ou s spikes w hich can be re­
corded bv tilting  to any angle. In (b ) the spikes are broken into 
bands with a periodicity equal to c * . Increasing the number o f 
unit cells gives shorter spikes and ultim ately they becom e the 
p o in ts o f a three-d im ensional crystal. W hen tilted, (b ) gives 
bands o f reflections parallel to the tilt axis. I heir centre-to- 
centre separation is dependent on c*  and the tangent ol the 
angle o f tilt.
tern which was considered theoretically by Laue 
[8] and reference made to observations obtained  
from electron diffraction of thin crystals. The 
lim iting case of a thin crystal is one which is a 
single unit cell in thickness in the c direction. The 
three-dim ensional reciprocal lattice of such a 
two-dim ensional real lattice has continuous d if­
fraction “ spikes” parallel to c* (fig. 3a). Tilting  
the specim en then samples the spikes at different 
points, and reconstruction of the repeating unit 
can be achieved by com bining data from image 
tilt sets [15].
With a very thin three-dimensional crystal, con­
taining a small number of unit cells in c, an 
interm ediate situation exists, where the diffraction  
points are extended into short spikes parallel to c* 
(fig. 3b). The separation of the planes of spikes is 
related to the inverse of the size of the c unit cell 
dim ension and the length of the spike is inversely 
related to the thickness of the crystal or the num ­
ber of unit cells along c. On tilting the crystal, the 
diffraction patterns show bands of reflections or 
Laue zones. K nowing the tilt angle, c can be 
calculated trigonometrically from the separation 
of the centres o f these zones. The thickness of the 
crystal can also be calculated from the width of 
the zones [16]. U sing this method it is possible to 
deduce c from tilted diffraction patterns without 
prior orientation of the crystal, thus permitting 
low dose measurements.
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3.2. Measurement o f the angular accuracy o f the 
goniometer
As small tilt angles (up to 9 ° )  were used in the 
above measurements, it was necessary to check the 
accuracy and reproducibility of the goniometer 
specimen holder within these limits. This is best 
done with a crystal which is not radiation sensitive 
and which has a known c spacing. Protein crystals 
have relatively large spacings but none were found 
which could provide a reliable standard. Thin 
graphite crystals were therefore used which d if­
fract to a resolution o f 0.1 A and which have a 
well-established interlayer spacing of 3.4 A [17], 
Since these m easurem ents were made at higher 
resolution, the effect o f the curvature of the sphere 
of interaction, or Ewald sphere, becomes im­
portant.
Fig. 4, an Ewald construction, shows a high 
resolution reciprocal lattice and the intersection, 
at 0 °  tilt and 6 °  tilt, o f the Ewald sphere, whose 
radius is inversely proportional to the electron 
wavelength. This can be regarded as a reduction of 
fig. 3b, where a flat plane is a reasonable ap­
proxim ation, by a factor o f about 20 times. For 
exam ple, in fig. 3b the unit cell dim ension a 








Fig. 4. The finite wavelength of electrons produces a curvature 
of the diffraction plane (Ewald sphere). At high resolution fig. 
3b alters to the pattern shown here. The untilted diffraction 
plane curves out of the zero order Laue zone and through the 
first order. Tilting the intersection of a curved surface with 
parallel planes produces a complex distribution of intensities.
fig. 4. a would be about 4 A and extend to 0.15 A. 
In the zero tilt the separation betwen the Ewald 
sphere and the reciprocal lattice increases with 
distance from the origin until reflections in this 
plane are no longer intersected. Eventually, with 
increasing reciprocal distance the Ewald sphere 
intersects the next layer o f the reciprocal lattice, 
giving a circle o f reflections known as the first- 
order Laue zone. The radius o f this circle R is 
related to the unit cell dimension c and the w ave­
length of the electron beam A via the expression
R =  /2 /A c  (A «  c ) .
At zero tilt, it is possible to determine the camera 
length (from the projected unit cell dim ensions a 
and h) and the c dimension (from the radius of 
the first-order Laue zone and the electron wave­
length). A tilt set at small angles then produces 
Laue zone patterns which can be used to verify the 
tilt angles.
3.3. Preparation o f low temperature specimens
Specim ens in water were applied to carbon-col- 
lodion coated copper grids, blotted quickly with 
filter paper and frozen in liquid nitrogen. Samples 
were inserted into the m icroscope by cold transfer 
with the specim en holder at liquid nitrogen tem ­
perature. The sam ple was then observed in the 
microscope either with or without an anticon- 
taminator. N egatively stained specim ens were 
dried, inserted into the m icroscope and then 
cooled. In order to determine the effect o f a 
contam inating layer, dried negatively stained grids 
were partially coated with carbon on the upper 
surface, by shielding one half with a metal strip. 
To identify the coated area a small amount o f gold 
w-as sputtered onto the surface with the uncoated  
half still shielded.
3.4. Preparation o f partly supported crystals
Crystals o f catalase were applied to holey 
carbon films and negatively stained with uranyl 
acetate. After taking a series o f micrographs with 
increasing electron dose, changes in the unit cell in 
different areas o f the crystal were measured with 
an optical diffractom eter using an aperture to 
sample small regions of the negative.
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3.5. Determination o f the thickness of single p a r­
ticles
An area of negatively stained, approximately 
spherical and similar-sized particles is diffracted, 
either directly with the electron beam or optically  
from an image. Each individual particle acts as a 
diffracting disk, and a random distribution of 
such particles will then produce a com bined  
Fraunhofer diffraction pattern. This “ Airy disk” 
pattern has an intensity distribution which de­
pends primarily upon the projected outline of the 
object. The central m aximum is surrounded by a 
dark ring which corresponds to the first zero of 
the 7] Bessel function. Thus from such diffraction  
patterns the average radius of the particles can be 
determined using Bessel function tables.
If the specim en is tilted in the m icroscope, a 
truly spherical particle will always have a circular 
projection and the diffraction pattern will also be 
circular. Should the particle be com pressed (i.e. 
reduced in thickness normal to the supporting 
film), the projection will increase in ellipticity as 
the angle is increased. Correspondingly, the d if­
fraction pattern will cease to be circular and be­
com e elliptical, the major axis o f the ellipse in 
reciprocal space being generated by the reduced 
thickness o f the com pressed particle. The minor 
axis o f the ellipse remains constant during tilting 
since there is no change in real space along the tilt 
axis around which the spheroid is being rotated. 
Fig. 5 shows a sphere becom ing progressively ob ­
late. V iewing from A (the normal direction of 
electron m icroscopy) would give no difference. 
From C the change in thickness would be easily 
measured. At B the thickness change is found 
through the sine o f the angle o f observation. To  
measure changes in thickness with electron dose, a 
series o f images o f the same area of specimen  
tilted to 45° were taken, followed by a final image 
at 0 °  tilt. The images were then analysed with an 
optical diffractometer and the degree of ellipticity  
determined for the diffraction pattern produced  
by each image. Alternatively, electron diffraction  
of a large selected area (10 jam) was carried out at 
45° tilt and a series of patterns photographed  
with increasing dose. A final 0 °  tilt pattern was 
again taken. In each case, changes in the diffrac-
A
»
Fig. 5. Show s iw o  ob late  spheroids representing single particles flattened to d ifferent ex ten ts  and seen parallel to the supporting film  
o f an electron m icroscope grid. T he direction A is that o f  normal observation for w hich no d ifference is m easurable. From B. a tilted  
view o f the reduction in height (Hx- H 2) produces a corresponding reduction in projected diam eter (hx- h 2) and m easurem ent is
possib le using the sine o f the angle o f  tilt.
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Fig. 6 . D iffraction patterns from negatively stained EcoR V -lO o crystals as described in the text. The tilt axis is shown by the large 
arrow in (a) and the sam e axis orientation has been used in all subsequent patterns, (a) to (c) show  a lilt set where the crystal h axis 
has been  aligned w ith the tilt axis, (d ) to (f) show  a tilt set where the crystal has not been aligned but the zero, plus and m inus tilts 
were recorded sequentially . The Laue zones (parallel to the tilt axis) are shown arrowed. A ll patterns are to the sam e scale and the bar
in (c) represents 0.05 A '.
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tion patterns were used to determine changes in 
specimen thickness with electron dose.
3.6. Measurement o f electron dose
Kodak SO-163 film was used, developed for 12 
min in D19. This gives an optical density of 2.2 
for 1 e ~ / p m 2 at the film [18].
4. Results
4.1. Thickness change in negatively stained speci­
mens
4.1.1. For thin crystals
This was measured either by direct goniometry  
or by the Laue zone method. As an example of the 
former, we show in figs. 6 a -6 c  measurements made 
on a stained EcoRV-lOo crystal. The crystal has 
been rotated in a eucentric goniom eter so that the 
tilt axis (arrow) is parallel with b*. Fig 6a at zero 
tilt shows the electron diffraction pattern of the 
projection down c*. The crystal is then tilted 
about b * until the pattern seen in fig. 6(b) is
obtained. Here the points along the second layer 
line have increased to a maximum intensity 
(arrowed). The tilt angle is then measured and the 
diffraction pattern recorded. In fig. 6c the crystal 
has been tilted further and the first layer line now  
com es to a maximum (large arrow) coincident 
with a second maximum on the second layer line 
(small arrow). By using these angles and those 
obtained when rotating the crystal in the opposite  
direction, it is possible to correct for initial speci­
men tilt and to ensure that c is perpendicular to a  
and b. This procedure is one of trial and error, 
and the specimen therefore receives a fairly high 
electron dose giving a resolution limit of about 20 
A.
In figs. 6 d -6 f , we show an exam ple of the use 
of Laue zones to determine c*  for the EcoRV-lOo  
crystals. Fig. 6d is a zero-tilt projection and, as no 
alignment has been carried out, the low dose 
pattern extends to 10 A. Fig. 6e shows a + 1 5 °  
tilt, with the Laue zones (parallel to the tilt axis) 
indicated by arrows. Fig. 6f shows a - 1 5 °  tilted  
pattern confirm ing the position of the zone with 
opposite tilt








Fig. 7. V ariation o f  the c  unit cell d im ension o f an F coR V -lO o uranyl acetate stained crystal with accum ulated  dose.
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4x10
Fig. ;8. Variation o f  the percentage reduction in the value o f  c d im ension  with accum ulated dose. (1) T he yolk platelet crystal stained  
w ith uranyl form ate. (2 ) Ferritin , apoferritin  and glutam ine synthetase stained with uranyl acetate. (3 ) C atalase stained  with uranyl 
a ceta te , uranyl form ate, p h osp h otu n gstic  acid and barium  acetate. (4) R estriction enzym e E coR V -lO o D N A  (decam er) co-crystal 
staim ed with uranyl acetate . (5 ) R estriction enzym e E coR V -8 D N A  (octam er) co-crystal stained  with uranyl acetate. (6) STEM  mass
loss curves [31].
noticed  that the tilt angle required to maximise 
the intensity of a given lattice layer would increase 
slow ly  with time. In the case o f EcoRV lOo, for 
exam ple, if a tilt was m ade as in fig. 6b, an initial 
value of 14° was recorded and this increased to 
24°. This corresponded to a reduction in c value 
from  114 to 64 A. U sin g  low dose Laue zone 
m easurem ents as in fig. 6e, an initial value of 124 
A w as found. This was repeated with different 
preparations o f the sam e crystal. The effect of 
electron dose on the c d im ension of this crystal is 
shown in fig. 7.
T he com bined results o f som e fifty experiments 
using different crystals and negative stains are 
show n in fig. 8. The unit cell dim ension c in 
negatively stained crystals reduces exponentially  
with dose to about 50% o f the starting value. In all 
cases of crystals supported on carbon films, a final 
zero tilt image o f the area which had been irradia­
ted showed no changes in a and />, the crystal 
shrinkage having taken place entirely in the direc­
tion at right angles to the plane of the grid.
4.1.2. For single particles
Uranyl acetate negatively stained preparations 
were made of ferritin, apoferritin and glutamine
synthetase. M icrographs were taken under low  
and high dose conditions with the specimen tilted 
at 45°. Figs. 9a and 9b show a low and high dose 
pair from the ferritin experiment. The low dose 
image has a three-dim ensional appearance whilst 
the high dose is flat. After dosing, the grid is 
returned to 0 °  (carefully keeping the area irradia­
ted centered) and imaged again (not shown). Figs. 
9 c -9 e  show show the optical transforms of a 45°  
image dose set. These can be seen to have increas­
ing ellipticity. Fig. 9f is the transform of the same 
area returned to 0 °  and shows the circular outline 
of an oblate spheroid in projection. This gives a 
pattern which, using the Airy disc approximation, 
fitted a / ,  Bessel function to the minima corre­
sponding to discs o f 124 A diameter. This did not 
change with dose. The 45° patterns 9 c -9 e  show  
an increase in the radius o f the minima parallel to 
the tilt axis with dose. This was measured initially 
to be 120 A and reduced to 80 A. This 30% 
reduction in thickness with dose is plotted out in 
fig. 8, line 2.
Figs. 9g -9 j show electron diffraction patterns 
of a 10 jum selected area of negatively stained 
ferritin m olecules tilted at 45°. The diffraction  
patterns were taken with only 0.1 e / A  and so fig.
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Fig. 9. Uranyl acetate stained ferritin particles, (a) and (b) are low (1 e ~ / A 2) and high (100 e ~ / A 2) dosed im ages taken at a tilt angle 
o f 4 5 ° . The tilt axis is indicated by the arrow in (b) and the scale bar represents 0.15 p m .  (c) is an optical transform  o f an area as 
show n in (a) taken w ith a dose o f  1 e / A 2. (d) is the sam e area after 10 e ~ / A 2 and (e) is after 100 e ~ / A 2. (0 is the transform  o f the 
dosed  area on  changing the tilt to 0 ° .  In (c) to ( 0  the arrow indicates the first m inim um  o f the J x Bessel function. The scale bar 
represents 0.02 A ~ The im ages were taken close to focus and the patterns are not to  be confused  with T hon rings, (g) and (j) are 
electron d iffraction patterns o f  10 p m  selected areas o f the feritin sam ple, (g) to (i) are at 45° tilt and taken after 0.1. 10 and 100 
s' / A~. (j) is the c losed  area at 0 °  tilt. The arrow marks the second maxim um o f the J x Bessel function which . because o f  inelastic  
scattering, is more easily  resolved than the first minimum. The scale bar represents 0.04 A 1.
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9g, the first pattern, is one tenth the dose of fig. 
9a. The pattern starts quite circular and becomes 
elliptical with dose (to fig. 9i). Fig. 9j shows the 
pattern from the same region tilted back to 0° .
4.1.3. Unsupported crystals
Crystals of catalase were negatively stained and 
dried onto carbon films with holes. A series of 
images taken of a crystal edge crossing a hole 
showed a pronounced movement of the edge as 
the crystal contracted (fig. 10). Such a crystal can
be considered as being supported only normal to 
the arrow at the edge (in this case the unit cell a 
direction) and contraction has taken place along 
the b direction (arrowed) at the edge where it is 
least supported. The crystal projection unit cell 
area has been reduced by about 30%, packing the 
stain into a smaller area and increasing the den­
sity. The reduction in the unit cell axes was mea­
sured by optical diffraction of small areas across 
the micrograph.
Figs. 11a and l i b  show the low and high dose
F-'ig. 10. An irradiated negatively stained catalase crystal which spans a hole in the supporting film. One edge was not supported and 
the crystal has contracted as show n by the arrow. The reduction in the h unit cell size can be seen by view ing the im age c lose  to the 
page at right angles to the arrow. Parallel to the arrow the a  unit cell d im ension is only slightly distorted. T he scale bar represents 0.1
fim.
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Fig. 11. C atalase crystal im ages o f low (1 e ~ / A ' ) and high (100 e ~ / A 2 ) accum ulated dose spanning holes in the supporting film, (a) 
and (b ) are uranyl acetate stained with an unsupported edge, (c) and (d) are with an unsupported corner and (e) and (f) are 
glucose-em bedded  with an unsupported edge. T he scale bars for each pair represent 0.1 fxm.
pair of a crystal as in fig. 10. The change again 
showed a 30% reduction of one unit cell d im en­
sion. Figs. 11c and  l i d  show a crystal corner that 
was unsupported .  The contraction  in this case is 
isometric and  showed a 20% reduction on both 
crystal axes. With unsta ined crystals em bedded in 
glucose (figs. l i e  and  I l f )  it was not possible to 
measure changes in the unit  cell parameters, but
dose induced shape changes of unsupported  
crystals were essentially the same.
4.2. Absolute thickness o f stained and unstained 
specimens
Catalase forms very well characterised crystals 
for electron microscopy and was therefore used as
- 2 1 1 -
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Fiig. 12. An exam ple o f the low  dose Laue zone m ethod for determ ining c  with a negatively stained catalase crystal. Both diffraction  
p a tte rn s  were taken with 0.2 e - / A 2. In (b ) the tilt angle was 9 °  and the Laue zones (parallel to the tilt axis) are arrowed, c  can be 
calculated by dividing the separation o f the Laue zones by the sine o f  9 ° .
a test object for further investigation. As described 
atoove. a 50% relative reduction in c was found for 
thte negatively stained crystals. At low dose, how- 
ev/er, c was maximally 145 A, fig. 12, a long way 
shiort o f the expected vale of 206 A [19], Thus, 
altthough the reduction in c agrees well with a 
stiudy of sectioned negatively stained (and dosed) 
caitalase crystals [20], the starting value is still 30% 
lesss than the value for hydrated crystals.
Catalase can exist in different crystal habits 
amd so to check the homogeneity and unit cell 
dirmensions of our preparation, a small-angle X-ray 
difffraction pattern was taken. A crystal suspen­
s io n  was sedimented in a quartz capillary. The 
X-tray pattern shown in fig. 13 was taken with 
umfilered radiation and can be interpreted as two 
pattterns generated by the copper K a and weak 
K(B  X-ray wavelengths. The unit cell dim ensions 
are! 68 x  174 x  200 A and P 2 ,2 12, space group 
witth system atic absences along the principal axes 
fo r  h + k +  / odd. The first ring doublet is from 
the.* 011 reflections at 132 A. The arcs oriented 
merridionally (arrowed) are from the 002. c. spac­
ing; at 100 A. The orientation of this spacing is a 
con seq u en ce of the thin platelet crystals settling  
uncder gravity as a staggered stack. The half width 
of the 002 reflection gives a value of 2000 A for
the thickness of the crystals. This is about 10 unit 
cells and is consistent with results obtained in the 
electron microscope. Thus by X-ray diffraction we 
found our preparation to be hom ogeneous with a
Fig. 13. The X-ray diffraction pattern o f  a suspension  o f  
catalase crystals which had settled in a quartz capillary. The 
orientation o f  the tube is vertical and the strong 002 arc is 
arrowed. The pattern corresponds to a 6 8 x 1 7 4 x 2 0 0  A unit 
cell size and a P 2 ,2 ,2 ,  space group. The scale bar represents 
0.005 A 1 for the Cu K «  w avelength.
002
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Fi g. 14. An exam ple o f  the low  dose Laue zone m ethod for determ ining e  w ith g lucose em bedded catalase crystals. A dose o f 0.2  
e ~ / A  was used for each pattern, (a) to  (c) correspond to goniom eter settings o f  - 3 ° ,  0 °  and + 3 ° .  The Laue zones (parallel to the 
til t ax is) are arrowed, (a) and (c) give two different values for c because 0 °  is not exactly norm al to the beam  (this is confirm ed by 
thie lack o f Friedel sym m etry across the tilt axis in (b)). U sin g  the average c  value, the actual tilt angles can be calculated and this 
sim ple iterative step yields a best fit to the data. The scale bar represents 0 .2 A ~ '.
value of c for hydrated material of 200 A.
G lucose em bedding of protein crystals gives 
high resolution diffraction patterns [4], This im­
provem ent in preparation over negative staining is 
thiought to be a result of hydrogen bonding by the 
cairbohydrate which replaces water as it dries to a 
guim. The projection unit cell sizes are unchanged 
and the Laue zone method for determining c was 
us>ed in low dose electron diffraction of tilted 
gliucose-embedded crystals.
Fig. 14 shows a tilt set from one crystal. The 
Laue zones are shown parallel to the tilt axis. The 
patterns were recorded with 0.2 e /A  each and 
alithough the strength of the pattern reduced, the 
Laue zones are still distinct.
The results o f twenty tilt sets gave a value o f c 
of 160 + 10 A. This corresponds to a 20% reduc­
tion  in c for the starting value in glucose. In order 
to check that the spacing did not change with 
dosing, crystals were irradiated at a set angle. N o  
m ovem ent o f Laue zones was found as the pattern 
becam e weaker and disappeared.
Laue zone measurements on frozen hydrated 
crystals were difficult to interpret directly since 
they showed a precession of the zones with in­
creasing tilt. The low-temperature holder, since it 
is isolated with glass spheres, has a tilt which 
cannot be corrected with the specimen in the
microscope. A computer program essentially the 
same as that used for analysing data for tilted 
layers of particles [10] showed that specimens were 
tilted by 4° to 6 °  normal to the tilt axis. The 
corrected Laue zone spacings then gave a mean 
value for the c spacing of 175 =  10 A from six 
experiments. As with glucose, the c spacing did 
not change on dosing but the Laue zones re­
mained fixed while the intensities decreased.
When dried negatively stained crystals were 
observed on the cold stage, there was no evidence 
o f the shrinkage which had been seen to occur at 
room temperature. The angle of tilt required to 
maintain maximum intensity of the electron dif­
fraction pattern remained constant over a wide 
dose range. After about 1000 e /A  the pattern had 
deteriorated in resolution but all unit cell di­
mensions were unchanged (within the experimen­
tal accuracy of 5%).
These measurements were made with a mod­
ified cold trap close to the specimen [13] which 
restricts tilting. This was removed for tilting above 
30° with the surprising result that the specimen 
behaved quite differently, the electron diffraction 
patterns fading very quickly. By 10 e / A  the pat­
tern had disappeared completely. Examination of 
images under these conditions showed that the 
specimen had becom e coated by a thin layer (pre-
-213-
./. Berrinwn, K.R. Leonard /  M ethods fo r  specim en thickness determ ination in EM. II
Fig 15. N egatively stained catalase crystals cooled  to 120 K and (a) to (d ) coated w ith a thin layer o f ice. The im ages are taken 
sequentially at 1, 2. 5 and 10 e ~ / A 2. (e) to (h) are carbon coated and marked with gold particles. This d ose  set is 1, 5. 10 and 100







Fig. lb . Variation o f catalase e unit cell size with accum ulated dose under different experim ental cond itions. ( * ) V alue by X-ray  
diffraction. (1) Frozen in water at 120 K. (2) C ilucose-em bedded at room  temperature. (3) N egatively  stained at 120 K. (4) N egatively  
stained at 120 K with a contam inating laver o f ice or deposited carbon layer. (5) N egatively  stained at room  temperature.
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sumably water vapour) and rapid destruction of 
the crystal by “ bubbling” took place (figs. 
15a 15d).
The bubbling may be caused either by some 
aggressive property of frozen water vapour in 
com bination with electron irradiation or perhaps 
by a simple trapping of active species such as 
radiation-induced free-radicals, with the layer 
acting as a permeability barrier. In order to dis­
criminate between these, a dried negatively stained 
grid of catalase crystals was half covered with a 30 
A carbon film. The grid was then observed cold  
with the cold finger in place. The uncoated crystals 
did not bubble and gave diffraction patterns that 
were stable for many hundreds of e / A 2. The 
crystals that were carbon-coated were rapidly de­
stroyed by bubbling. Figs. 15e-15h  show a dose 
set from the carbon-coated half. The cold finger 
was then removed and after a short time con­
densation was found on the grid and the non­
carbon-coated crystals also bubbled.
To test the effect of temperature on this damag­
ing process, the grid was warmed by stopping the 
cold nitrogen supply. At 140 K the surface layer 
o f amorphous ice is converted to cubic ice [21] and 
at 150 K. this evaporates in a few seconds into the 
high vacuum of the microscope. On recooling the 
grid with the cold finger in place, the coated  
crystals were found not to bubble until the tem­
perature was below 140 K. The experiment was 
repeated with a com pletely carbon-coated grid 
without the gold markers. Again below 140 K 
bubbling was found to occur.
Fig. 16 shows a com pilation of these results for 
catalase.
4.3. Accuracy of the goniometer at small angles
Since the absolute value of c depends on the 
accuracy of the tilt angles measured, the electron 
microscope goniometer was checked with crystals 
of graphite. Fig. 17 shows a high-angle diffraction  
tilt set for graphite; fig. 17a is a projection down  
c*  showing the first-order Laue zone.
The spacing of this zone gave, using the wave­
length for 80 kV electrons (0.0418 A), a c spacing 
of 3.44 A. Figs. 17b and 17c show + 3 °  and 3° 
tilt. The first-order Laue zones are displaced in
a b
c d
Fig. 17. D iffraction pattern tilt set for a graphite crystal taken  
at 80 kV: (a) 0 ° :  (b) =  3 °; (c) - 3 ° :  (d ) - 6 ° .  The scale bar 
represents 3.2 A " '.
equal and opposite directions (about the tilt axis). 
Fig. 17d shows a - 6 °  tilt having the first- and 
second-order Laue zones. By calculation, the posi­
tions of the Laue zones were found to agree with 
the measured tilt angles to within 5%.
5. Discussion
One of the first observations of an interaction  
between material of biological origin and an elec­
tron beam was the reduction in size o f cotton  
thread [22], Specimen shrinkage and movement 
was a problem in the early days of electron m i­
croscopy which was effectively solved [23] by sup­
porting specimens on thin carbon films. Although 
this procedure prevents movement in the plane of 
the specimen grid, which is the most important for 
projection imaging, it has been clear for many 
years that the specimen can undergo a dim en­
sional change in the direction parallel to the beam  
during irradiation with electrons. This becom es an 
important factor when attempting to extract 
three-dimensional information from the micro­
graphs.
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Specimen shrinkage has been discussed in a 
theoretical review of the effects o f radiation 
dam age [2], A reduction in thickness of TM V  
particles on irradiation has also been described  
[24], An argument against substantial shrinkage 
was that specim ens could “ wrap” into the sup­
porting film [25], to give an apparent reduction in 
thickness (as, for exam ple, measured by shadow ­
ing with heavy metal). Contam ination was also a 
considerable problem in early work and the loss of 
thickness on irradiation could be confused with a 
build-up of a contam inating layer [26].
Investigation o f changes in periodic structures 
should be independent o f such uncertainty. A 
study of T4 tail [27] revealed a shrinkage o f the 
upper unsupported surface. The effect o f radiation 
dam age on three-dim ensional reconstructions of 
negatively stained stacked-disc TM V particles [28] 
suggested that stain migration was taking place. 
W e would rather explain this process as a contrac­
tion o f the unsupported regions of the protein, the 
stain m oving with it to “ fill in” the em pty space. 
A further study o f stained stacked-disc TM V and 
T2 phage [29] found that “ im proved” images could  
be recorded after a pre-irradiation of the specimen  
with the beam. This procedure gives the best com ­
prom ise between specim en thinning rate and reso­
lution, since both are reduced with dose.
“ Thinning” by irradiation is also a com m on  
way o f improving the contrast of thick sections 
and quantitative evidence for such a reduction was 
found in reconstructions from muscle sections, 
where the three-dim ensional lattice is known [30]. 
Grid sectioning o f irradiated, negatively stained  
catalase crystals gave an anom alously low value 
for the unit cell size in the direction perpendicular 
to the supporting film, despite the fact that the 
crystals appeared to be quite well preserved [20].
The work described here shows that there is a 
marked loss o f thickness for negatively stained 
m aterial on irradiation. By using low electron 
doses and electron diffraction m ethods for crystal­
line material, we have been able to make a direct 
quantitation of these changes as they take place in 
the electron m icroscope. In an unsupported speci­
men, shrinkage occurs as an isometric process and 
may be related to beam -induced mass loss o f the 
biological material. In the case of a specimen
supported on a carbon film, which is the normal 
situation for biological electron m icroscopy, 
shrinkage is prevented in the plane o f the film, 
with the result that there is a large shrinkage in 
the direction normal to it, i.e. a reduction in 
thickness o f the specimen.
A t the lowest doses possible, using the Laue 
zone m ethod for measuring the c spacing, it would  
appear that dried, negatively stained specim ens 
are about 70% as thick as wet crystals. With 
prolonged electron irradiation, this reduces to only  
40% of the expected value. Over the range of 
electron dose used in a typical continuous tilt 
series for three-dim ensional reconstruction, the fi­
nal thickness would be reduced to about 50% of 
the theoretical value. Studies on isolated particles, 
although not exhaustive, are in agreement with 
these results.
W orking with unstained specimens, the starting 
values are som ewhat better: 85% for frozen hy­
drated crystals and 80% for crystals dried in glu­
cose. Since these specimens lose crystallinity on 
irradiation with electrons at quite small doses (up 
to 2.0 e /A ) ,  it is not possible to follow  further 
changes, but the dimension changes in unsup­
ported catalase crystals in glucose suggest that the 
sam e shrinkage process is taking place.
It is interesting to compare these results with 
the extensive studies on the radiation dam age of 
polythene crystals [1]. Here radiation dam age leads 
to polymer backbone crosslinking together with 
side chain scission. There is, following loss o f 
crystallinity, an increase in density with associated  
dim ensional changes which depend on the degree 
of support these crystals have. Proteins would be 
expected to damage in a similar way [2]. In our 
investigation, we found a volum e change which  
m atched the radiation-induced mass loss de­
scribed in a study on unstained specim ens in the 
STEM  [31],
An unexpected result was the effect o f irradia­
tion on negatively stained specim ens at low  tem ­
peratures. A t liquid nitrogen temperature, no radi­
ation-induced shrinkage could be observed over a 
considerable dose range. This again is in agree­
ment with the STEM study [31], where mass loss 
also disappears at liquid nitrogen temperatures. 
This is, however, only the case if the specim en is
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not covered with a surface layer of ice (i.e. if an 
efficient anti-contam ination trap is used). In the 
presence o f a surface layer the specimen becom es 
very radiation sensitive with a rapid disap­
pearance o f the electron diffraction patterns and 
im ages showing extensive damage by bubbling. 
Since the effect can be produced in the absence of 
ice, by covering the specimen surface with a thin 
carbon layer, it may be a result of “ trapping” of 
volatile material produced by irradiation, which 
can then disrupt the specimen. Trapping of free- 
radicals which cause “ knock-on” damage to the 
specim en may also occur. Bubbling is a tempera­
ture-dependent process, which only occurs if the 
coated specimen is below - 1 4 0 ° C .
In a previous attempt to study negatively 
stained catalase crystals at liquid helium tempera­
tures [32], it was found that there was a rapid loss 
of resolution with electron dose. This may well 
have been caused by the presence of a contam inat­
ing ice layer which would have been difficult to 
prevent at such low  temperatures. This phenom e­
non o f beam -induced “ bubbling” damage may 
well becom e a lim iting factor with carbon sand­
wiched [33], encapsulated [34] or frozen-hydrated 
[35] specim ens below  -1 4 0 ° C .
The effect o f beam -induced shrinkage has to be 
taken into account when carrying out three-di­
mensional reconstruction by com bining tilted 
views of single particles or crystals. It has im ­
portant consequences for both the method of col­
lecting the tilted data and for the end result. It is 
clear that som e degree o f correction may have to 
be applied to the c dim ensions of a reconstruc­
tion. As can be seen from our results for catalase 
crystals and single particles such as ferritin, the 
reconstruction may only be 50-60%  as thick as the 
native object. This shrinkage, in a typical tilt 
reconstruction, is however partially com pensated  
for by the “ m issing-cone” effect which tends to 
reduce resolution and elongate structures in the c 
direction. If data are added for the (0 0 /)  axis of 
the reconstruction by using information from in­
dependent orthogonal views of the object, it will 
im pose the correct thickness. It will not. however, 
remove the problem  of com bining data from ob ­
jects o f different thicknesses.
6. Conclusion
Electron diffraction and low dose images of 
tilted biological specimens has revealed a substan­
tial thinning that is dose dependent. This effect 
can be halted by cooling the specimen to liquid 
nitrogen temperature and using an efficient anti- 
contam inator. Projection images and three-dim en­
sional reconstructions would be improved both in 
resolution and fidelity with cooled specimens.
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